The behaviour of ion implanted nitrogen in niobium: An internal friction study. by Bulmer, T. R.
THE BEH A V I O U R  OF ION IMPLANTED N I T R O G E N  IN NIOBIUM:
AN INTERNAL FRICTION S T U D Y .
b y
T .R » BULMER
D i C & o o 3 g '
A Thesis submitted to the U n i v e r s i t y  of Surrey 
for the Degree of Doctor of Philosophy.
May 1987
ProQuest Number: 10797555
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10797555
Published by ProQuest LLC(2018). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
bLv2.!a..FuS f~ ILe.
The b e h a v i o u r  of ion implanted Nitrogen in metallic: 
materials, p a r t i c u l a r l y  BCC Iron, has largely been 
investigated by exam i n a t i o n  of the resulting a l t e r a t i o n  in the 
surface mechanical properties. This has led to a poor 
u n d e r s t a n d i n g o f t h e b e h a v i o u r o f t h e i m p I a n t e d N i t r o g e n a n □ 
t o t h e d e v e 1 o p rn e n t o f con f 1 i c t i n g t h e o r i e s i n a n a 11 e m p t t o 
explain the observations,,
The in teract i on of i m p 1anted Ni t rogen wi th Ia11i ce 
defects and its b e h a v i o u r  in solid solution was investigated 
in Ni o b i u m  as a model system using the internal friction 
technique. Peaks were observed at 220-250K, 429K and 560K as a 
r e s u 11 o f d e f e c t s p r o d u c e d b y i rn p 1 a n t a t ion.
From the b e h a v i o u r  of these peaks it can be deduced that
a damage s t r ucture consisting of interstitial c l u s t e r s  and
short d i s l ocation segments, < ixiO 7 m, p r e d o m i n a t e s  after
implantation., Impurity Oxygen introduced from the surface
during implantation becomes trapped in the damage structure*
this is replaced by Nitrogen on annealing,. N i t rogen is
n
retained in solution up to a critical dose of 1x10 M e m " 2
a f t e r w h i c h it r a p i cl 1 y b e c o rn e s t r a p p e cl a s the d o s e i s
increased.
A general model has been developed to de s c r i b e  the
beh a v i o u r  of Nitrogen during and after implantation. This has 
been used to reproduce the trend shown by the experimental  
resu11 s .
A c k n o w l e d g e m e n t s .
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and M a t e r i a l s  T e c h nology of the Uni v e r s i t y  of S u r r e y  under a 
c o n tract with the United Kingdom Atomic E n e r g y  Authority, 
H a r w e l 1.
The a u thor is grateful to his s u p e r v i s o r  P r o f e s s o r  A. P. 
Miodownick, Head of the Department of M e t a l l u r g y  and M a t e r i a l s  
T e c h n o l o g y  , for his e n c o u ragement and a d v i c e  given during 
this work, and also to Dr. 6. D e a r naley for p r o v i d i n g  funding
and the use of equipment at UKAEA, Harwell.
The o p p o r t u n i t y  is also taken to thank my w i f e  for typing
this thesis and for her support throughout the work.
Contents,
AB S TRACT
A C K N O W L E D G E M E N T S  
CO N T E N T S  
LIST OF FIGURES 
LIST OF TABLES
1. I N T R O DUCTION 1
2, R A D I A T I O N  DAMAGE 2
2 . 1. The Displacement Cascade 2
2.1.1. High Energy 3
2.1.2. Medium Energy 5
2.1.3. Low Energy 6
2.1.4. La11 i ce R e 1axat i on 7
2.2. Es t i ma t i on 0 f Def ec t s Produ.ced 9
2.3. Point Defect Co n f i g u r a t i o n s  11
2.3.1. Migration Of Defects To Form C l u s t e r s  11
2.3.2. Migration Of Defects To Sinks, Further R e c o m b i n a t i o n
And Complex Formation 14
2.4. Range Of Implanted Ions In Metallic M a t e r i a l s  17
2.5. Mechatn i ca 1 P r o p erties 19
2.5.1. Fatigue In FCC And HCP Metals 21
2.5.2. Fa t i gue In BCC Met a 1s 23
2.5.3„ Mechan isms 0 f Wear 25
2.5.4. Wear And Ion I m p 1an tat i on 27
2-5-5. Titanium And Its Alloys 
2« 5 - 6. For rou.s A 1 1 oys
(a ) Heavy 1on I m p 1an tat ion
(b) Light Ion Implantation
(c) Transition Metal/Mitrogen Dual I m p l a ntation 
2.6, Sumnria r y Of Ion I mp 1 an t a t i on
INTERNAL FRICTION
3.1. Theoretical Eiasis Of Internal Friction (A n elasticity) 
3-2- Internal P a r a meters Giving Internal F r i ction E f f e c t s
3.2.1. T h e a ry Of Point Def ect R e 1axat ions
3.2.2. Relaxation Of Non Uniformly D i s t r i b u t e d  D e f ects
3.2.3. Poi n t Defect R e 1a xa t i on s In BCC Met a 1s
3.2.4. Snoek Peaks From Extrinsic I n t e r s t i t i a 1s
3. 2. 5. M i c r o s t r u. c t u r a 1 A s p e c t s 0 f T h e S n o e k e I a x a t i o n
3.2.6. I n t e rac t i on 0 f I n t e rs t i t; i a 1 s
3.2.7. Substitutional Interstitial I n t e r a c t i o n s
3.2.8. Intrinsic Point Def ect R e 1axat ions In BCC MetaI
3.3. D islocation Rela x a t i o n s
3.3.1. Schoeks Theory
3.3.2. Effect Of Concentration On S c h o e k s  Model
3.3. 3. Increase In Dislocation E>ensi ty
3.3.4. Discussion Of Schoeks Mode?I
3.3.5. The Theory Of Se?eger
3.3.6. Effect Of Concentration On S e e g e r s  Model
3.3.7. Di scussion 0 f Seegers Theory
3.3.8. Peaks Due To D i s 1ocat i on R e l a x a t i o n s  87
(a) <x And Dislocation R e l a x a t i o n s  87
< b ) 8 n o e k - K o s t e r (S - i<) D i. s 1 o c a t i o n / I n terstitial
R e 1 a x a t i o n s 9 0
(c) (3 R e l a x a t i o n s  94
3. 4. S u m m a r y  Of R e I axat i on P h e n o m e n a  100
4. P R E L I M I N A R Y  E X P E R I M E N T S  102
4. '1, liater ia 1 s And Apparatus 102
4.2. A r m c o  Iron (Carburised) 104
4.3. Ion Implanted Iron 14.5 7. M a n g a n e s e  106
4„ 4 C o n c l u s i o n s  109
5. E X P E R I M E N T A L  T E C H N I Q U E S  110
5.1. Material 110
5.2. Samp 1e Preparation 111
5« 3. To rs i on P e n d u 1um 113
5.4. The Heating Stage 117
5.5. The Cryostat 117
5.6. E xperimental Control And Data C o l l e c t i o n  119
5.7'. R e c o !•• d i n q A n d A n a I y s i s 0 f D a t a 12 3
5.8. Ion I m p 1an t a t i on 126
6. P R E L I M I N A R Y  RESULTS , 130
6.1. V a c u. u m S y s t e m 13 4
6.2. H e a ting Rate 134
6.3. Samp Ie St ab i 1 i t y 137
6.4. Oil Dash pot- 140
6.5. Con c 1us ions 140
RESULTS
7. :L. Internal Friction B e t w e e n 10 0 K A n d 3 0 0 1<
7.1.1. Variation Of Dose
7.1.2. Annealing Of The Low Temp e r a t u r e  S p e c t r a  
7„1.3» Con elusion s
7. 2. I n t e r n a 1 F r i c: t i o n B e twee n 3 0 0 K And 8 0 0 K 
7 . 2 . 1» Nitrogen Ion Implantations
7.2.2. Thermal Effects
7.3. N u c 1ear Reac t i on Resonance
7.3.1. Experimental P r o c edure
7.3.2. Results
7.3.3. Conc l u s i o n s  
D I S C U S S I O N
8.1. Relaxation Of Non H o m o g e n e o u s  D i s t r ibution Of D e f e c t s
8.1.1. Relaxation Strength Of A Non H o m o g e n e o u s  
Distribution Of Solute
8.1.2.. Relaxation Of A Non Homo g e n e o u s  D i s t r i b u t i o n  Of 
Dislocat ions
8.2. Damage Structure Developed By Implantation
8.2.1. Dislocation / Point Defect
8.2.2. Point Defect Clustering
8.2.3. Change Of The E>efect Structure With T e m p e r a t u r e
8.2.4. Intrinsic D islocation R e l a xations
8.2.5. Dislocation Interstitial Interaction
8.2.6. Background Damp ing
8.2.7. Summary And Cone 1usions
8„3„ S o lute In t erst i t i a 1s 
8 . 3 . i . Ni t roqen
8 u 3 „ 2 „ An n & a 1 i n q Ben a v i ou. r 0 f N i t r a g e n
8.3.3. Oxygen
8-3.4- Annealing Behaviour Of Oxygen 
8.3» 5. C o n c 1us i on s
3-3.6. Summary 0 f The Damage Stru.c ture And Solu.te 
I n terstitials With Compeirison To O t h e r  Work 
8 m4. Diffusion
8.4«1 - D if fusi on Of I m p 1 an ted Ni t rogen In N i ob i um
8» 4.2. D if f us ion Of Imo 1an ted N itrog en In I r on
8» 4.3. M o d e 1 1 i n g 0 f T rap ping 
8.4-4- Tra p p i n q Pa r ame te i - s
8.4.5. Modelling Of Diffusion Of Implanted Ni t r o g e n 
N i o b i u m W i t h T r a p p i n g
8.4. 6 „ lvi o d e 1 1 i n g 0 f D i f f u s i o n Of I m p I a n t e d N i t r o g e n
Iron With T rap pin q
8. 4. 7. C o n c 1 u s i o n s
9. GENERAL CONC L U S I O N S  
10.S U G G E S T I O N S  FOR F U R THER WORK 
A P P E NDICES
Appendix A. Design Of Z80A Mic r o p r o c e s s o r  Control S y s t e m  
Ap p en di x B » C alculation Of 1on Beam Interaction W i t h An 0 
Layer
Appendix C. Listing Of Computer P r o g ramme For D i f f u s i o n a l  
Model Iing
R E f ■ E R E N C E B
Figures-
1 - V a r i o u s  defects and collision processes which may occur during 
the slowing down of an energetic ion in a c r y s t a l l i n e  sol i d . . »8
2. Scherna1 1 c rep resen t a t i on of the 1a t tice s i t e e n e r g y  as mod i f ied 
by a d i s 1o c a 1 1 on  ..... . i6
3. A com p a r i s o n  of pro,iected range data for 0 k vgen ions in Si 1 icon 
with theoretical e s t i m a t e s . 20
4. Change? in fatigue life of Copper s a m ples implanted with various 
i on beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  212
5 „ Fat i gue 1 i f et i me for 0,, 18 wt7. C--st.ee 1 for un i mp 1 an ted „ i mp I an ted 
and i m □ 1 a n t e d •+• a g e d s a m p 1 e si. N b e? a m 13 0 K e V . 2 k 1 O' N ions / cfiA . .2 4
6« T e m p e r a t u r e  ri se at the surface of a stee 1 duri ng wear from
o k  i dat i on stud i e s 35
7. Cone e? n t r a t i o n d r o f i 1 e s (SI ivi S ) f o r N i t r o g e n imp! a n t e d s t e e 1 s » . 4 0
8. Typical depth profiles of Nitrogen implanted in pure Iron with 
target cool ing and no target cool ing 41
9. R e d i s t r i b u t i o n  of N implanted into pure Fe (10 i o n s/cm2 at 
4001<eV) as a result of the subsequent implantation of M a n g a n e s e  
or Y11 ri u r n 43
10. A mechanical model of anelastic m a t e r i a l ..................... 48
11. V e c t o r d i a g r a m o f s t o r a g e a n d J. o s s c o m p 1 i a nee giving the 1 o s s 
an g 1 e « 4£3
12. Debye peak of loss angle with frequency. .................... 52
'13. Strain elipsoid cans cad by an interstitial in a BCC lattice. .54
14. Illustration of the free energy levels before and after
sp 1 1 11 ing by s t r e s s .......................................... 56
15. Nor m a l i s e d  internal friction peaks on Tan t a l u m  specimen doped 
by va r i o u s  amounts of N i t r o g e n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 4
16 „ Re o r lentation o f d e feet r oun d a sub s t i t u 1 1 on a 1 a t om sh o w i n g
,i urnp rates and free energy curves. ... . . . . . . . . . . . . . . . . . . . . . . .  66
1 7. D i sp I acemen t , y , of a d i s 1 oca t i on of 1 eng t h z » und er stress... 72
18. Solution of Schoeks i n t e g r a l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i .72
19. V a r ious kinks on a d i s l ocation lying in or be t w e e n  P e i e r l s
v a. lie y s.. .... ....... .«.«..«• . . . . . . . . . . . . . 1 1....... ........... 8 U
20. Three fold sy m m e t r y  of a d islocation down the < 1 1 1 > . » . . » . . . « 8 6
21. Internal friction and excitation frequency a f ter s u b s e q u e n t  
anneal ing of a c o l d - w o r k e d  sample 37. at 300K. ............... 88
22. The shift of peak t e m p e rature by frequency c h a n g e  ( 57. 
d e f o r m a t i o n  at 7'7K)  ......   92
23. Internal friction peaks in Nb-N specimen d e f o r m e d  107........ 93'.
24. Effect of 0.37. strain on the (3 peaks in N o i b i u m  irradiated to 
2 . 9 x 10 n v t     ......   95
25. Effect of strain on the <x and f3 peak heights.  ........  .97
26. Isochronal annealing curves of spe c i m e n s  irradiated to 2.9x 1 0  
n v t h annealing t ime 2 h o u r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98
27., Dynamic mechanical thermal analyser. .... . . . . . . . . . . . . . . . . . . .  103
28. Change of with case d e p t h . 105
29. R e l a x a t i o n  sp e c t r a  of N implanted F e M n ...... . . . . . . . . . . . . . . .  107
30. Vacuum annealing a p p a r a t u s  for internal friction w i r e s . .«.. 112
31. Internal friction a p p a r a t u s  with heating s t a g e  a t t a c h e d «... 114
32. Torsion pe n d u l u m  with heating stage a t t a c h e d . ».......„ .-... 115
33. Internal friction specimen showing V blocks. ................ 116
3-4. Torsion p e n dulum with cryostat attached. ......... . . . . . . . . . .  118
35. Z80A M i c r r o p r o c e s s o r  based computer. 120
36. Flow di a g r a m  of the experiment ail control programme. ........ 121
37. Schematic r e p r e s entation of the r e l a tionship b e t w e e n  the 
pe n d u l u m  and data recording e q u i p m e n t . ... . . . . . . . . . . . . . . . . . .  122
38. Relat i o n s h i p  between the laser beam and the? light a c t i v a t e d  
swi t c h e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  124
39. Plot of Ln(Cos wt) against number of c y c l e s  (N)............ 127
40. Schematic d i a gram of the UKAEA Harwell C o c k r o f t  W a lton 
research i m p l a n t e r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  129
41. A p p a r a t u s  to hold and rotate an internal friction wire during 
ion i m p l a n t a t i o n .  .......  129
42. I n terna 1 f r i o t i on as a f unotion of t e m p e r a t u r e  at app rox. 1KHIz
f o r t h e u n i m p 1 a n ted, N :i. m p 1 a. n t e d and aged (1 H r a t 13 0 ° C )
c o n d i t i o n s  of 1018 s t e e l ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131
43. C o m p a r i s o n  of internal friction values ob t a i n e d  by two 
m e a s u r e m e n t  techn i q u e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133
44. C h ange of decrement with p r e s s u r e . ......... . . . . . . . . . . . . . . . .  135
45. Change of N peak height at 2 7 8 C at two pressures, ......... 136
46. Var i a t i o n  of Snoek peak with heating r a t e s . ................ 138
47. The e f f e c t s  of sample stability on the internal friction peaks
b etween 300 and 7 0 0 K .  .....  139
48„ Change of background damping with immersion of the damper
n e e d l e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .........141
it
49. Internal friction of Mb implanted to 3x10 Mcnr2 at ISOKeV. . . 143
50. Internal friction of Mb implanted to 1 x 1 o'7Mcnr2 at ISOKeV. .. 144
51. Change in 0i,/3a. peak height with Nitrogen ion dose. ........ 146
52. and 53. Isochronal annealing of N implanted Mb, 1 x 1 o'^Ncm* . . . 147
54. Change in intensity of f3 relaxation s p e c t r a  with isochronal 
a n n e a l i n g . . . . . . . . . . . . . . . . . . ..... . 149
55. Internal friction spectra for N implanted Nb b e f o r e  and a f ter 
implantation to 3 x l O vfe Mcnr2 at :L5pA and 150 KeV. ............ 151
56. Internal friction s p e ctra for N implanted Nb b e f o r e  and a f ter 
implantation to 7 x 1 0 lb Mcrrr2 at 15p.A and 150 K e V ............. 152
57. Internal friction spectra for N implanted Nb b e f o r e  and a f ter 
implantation to 5 x 1 0n Ncnr2 at 15p.A and 150 KeV. ............ 153
58. Change in Nitrogen Snoek peak with imp lain tat ion dose at 15pA 
and 150 K e V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5 4
59. Change in Oxygen Snoek peak with implantation dose at 15pA and 
150 K e V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _____... 155
60. Nb pre-imp lanted and N implanted to lxl0n NcrrA at 15pA and 150 
KeV with a 2nd recording of the internal friction s p e c t r a . .157
61. N b p r e - i m p 1an t ed and N imp!ant ed t o 2 x 10n N c m 2 a t 15uA and 150 
KeV w i t h a 2n d r ec o r d ing of the i n t e rn a I f r i c t .i. on spe c t r a . . !  58
to 2. N 'r ( p - oivY'} profile for different sample g e o m e t r i e s .  162
63, N'*" ( p., <x, t ) profile for 2, 5mm d i a meter sample implanted to
to K 1 f J N C |T| , i u u u , » u u u n u n , , , , u n , , i it u u , n , u , , u , n u , u n n » , n u , , , 1 to to
64.. N p,, « )  drof i 1 e f or 2„ 5 mrn d i ameter samp 1 e imp I an ted to
1 1 O ’1 N c m " 2 .........■........ ...... . 164
65, M ( p . <x. )  p r o file f o r 2,5mm d i ame t e r . samp 1 e i mp 1 an ted to
5 k 10n Non ..................................  :L 65
66, E x p ected behaviour of the fi peaks over an extended dose 
range.  ........ . - 180
67, C h a n g e  in background damping with Nitrogen ion d o s e . ....... 185
68, Mean separation of ions and diffusion d i s tances with dose at 
d i f f erent implantation temperatures, ..........I............. 191
69, C h a n g e  in Nitrogen Snoek peak height with isothermal annealing 
at 585K for a range of doses, I.,,..,,..,.,.,.,,..,,,.,,,..,,. 193
7 0 D i f f u.s i on of N i t rogen clur ing i mp 1 an tat i on i n Nb at 5 3 0 1< ....203
71, D i i: f u s i o n o f M i t r o g e n d u r i n g i m p 1 a n t a t ion i n N b a t 6 3 0 K . , . . 2 0 4
72, Dif f u s i o n  of Nitrogen during implantation in a-Fe at 3'73 K., 2 06
73, Di f f u s i o n  of Nitrogen during implantation in ov-F'e at 31 OK., 20 7
7 4, T o t a 1 free c o n c e n t r a t i o n o f N i t r o g e n w :i. t h dose f o r d i f f e r e n t
imp lantat ion temperatures.  .............216
75. T o t a 1 f ree concentrat ion of Ni trogen wi th dose for di f f erent
da mage c o n c e n trations  .................  217
7 6 „ T o t a 1 f r e e c o n cent r a t ion o f N i t r o g e n w 1 1 h cl o s e f o r d i f f e r e n t
t e m p eratures with high levels of d a m a g e . 218
7 7» C a 1 c u 1 a t e cl N i t r o g e n p r o f i 1 e f o r ci i f f u s i o n i n a - i:;' e d li r i n g
imp Iantat ion wi th trapo i n o 221
Tab 1es.
1„ Typ i c a 1 d i s t ances t ra v a 1 led for t a rqets wi t h d i ffe ren t a t omi c 
numbers with a 10 KeV project l i e . . , .......   ,...5
2. We a r m o dification of va r i ous 1r on a 1 1oys wit h a ra n g e of 
implanted s p e c i e s . . . . . . . . . . . . . . . . . . . . . . . . . ......  .28
3. Snoek peaks in N i o bium due to interstitial C , 0. N and H . . . . 5 9
4. S u m mary of the e v i dence for octahedral as a p p osed to 
tetrahedral occupancy. ......................................... 60
5. The b e h a v i o u r  of intrinsic defects; with respect to a s t r e s s  
f i e l d .  .......  .69
6. Kink pair formation energies in <x~Fe. 87
7. S u m mary of relaxation peaks o b s e rvable in N i o b i u m  b e t ween 10OK 
and 8 5 0 K  ..  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 1
8. C a r b u r i s a t i o n  c o n d i t i o n s  for Armco Iron s a m p l e s . ........... 104
9. Con d i t i o n s  for Nitrogen ion implantation of Iron s a m p l e s . ..106
10. Anneal ing schedule of wire samples. .... . . . . . . . . . . . . . . . . . . . .  11 :L
11. C o n d i t i o n s  of implantation of N i o bium samples. . . . . . . . . . . . . . 1 4 2
12 „ I mp I an t a t ion condi t i ons f or d :i. f f e r i ng samp I e g eome t r i es o f
N iob i u r n 160
13. Di f fusion data for I ran. 2 0 8
14. I r a p psirame t er va lues f ar N i t rooen i n M i ob i u m . . .  ........ . 215
A 1 . C o n f i guration of the 8251 USART and 8255 PRI d e v i c e s  in the
Z80A s v s t e r n . 227
11 .. Introduct ion ,
Ni t r o p e n  ion imp 1 an tat i on i n to Iron and its a 1 1 oys has 
b e 0  n f o u. n d t o i m p r o v 0  w 0  a r , f a t i g u. 0  a n d o k i d a t i o n o f t h 0  
t a r g 0 1  matsriai, T h 0  m 0 chanism by wh ich N i t r o q 0 n 9  i vas th 0 s 0  
i m p r o v 0  m ants h a s 1 a r 9  0 3. y b 0  0  n i n v 0  s. tig a 1 0  d b y u s ing mac h a n i c a 1 
t e c h n i q u e s  or by observing the spatial d i s t r i b u t i o n  of the 
i m p 1 a n t e d s p e c i 0  s i n t h 0  t a r g e t m a 1 0  r i a 1 u T h 0  r 0  h a s b e 0  n o n e 
attempted study to deduce the lattice site location of 
i m p 3. a n 1 0  d N i t r o g 0  n u s ing i n 1 0  r n a 1 f r i c t i o n , b u t w i t h o u t 
sat i sf ac tory r 0 su 3. ts (Hu at a 1 1979) .
In th is work a s 0 nsi t i ve in 1 0 rna 1 friction techn ique has 
been d e v e loped a n d a p p 1 i e d s u c c e s s f u 13. y t o N i t r o g e n i o n 
i mplantation of N i o b i u m  in order to c l a r i f y  the lattice 
d i s t r i b u t i o n o f N i t r o g e n a f 1 0  r i rn p 1 a n t a t i o n and a f t e r 
annea 1 ing . The b 0 havi our of i n 1 0 rna 1 f r i c: t i on p e a k s  g .i ven by 
in tr insic lattice d 0 f 0 c ts has b e 0 n used to 0 amine the state 
o f t h 0  3. a 1 1  i c e d a m a g 0  p r o d u. c: 0  d b y i m p 1 a n t a t i o n „
A d i f f 1.1 siona 1 model has b e 0 n deve 1 op)ed f rom th 0  
b 0  h a v i o u r o f t h 0  i m p 1 a n 1 0  d N i t r o g e n T h i s h a s b 0  0  n used t o 
model Nitrogen implantation into Iron to test the c o n f l i c t i n g  
theories which have been proposed to account for the b e h a v i o u r  
of N :i. troqen during i rnp 1 an ta t ion and w e a r .
T o p 1 - o v i d e a b a c k g r o u n d t o t h i s w o r k t h e 1 .i t e r a t u r e i s 
split into two sections, ion implantation and internal 
f r i c t i on .= The rev i ew of the lit 0 ra tur 0  on i on i mp 3. an t at i on i s 
p r 0  c 0  0  d 0  d b y a d i s c u s s i o n o f t h e p r o d u c t i o n o f d i s p 3. a c e m e n t 
d a m a g 0  to g i v 0  a n o v 0 r a 1 1 view a f t he e f f ec t s of i on 
i m p 1 an tat i on «
2 u R a d i a t i o n D a m a. a 0 ,
11 h a. s been k n 0  w n since t h 0  e a r I y 19 6 0 " s t h a t i r r a. d i a t i n g 
a c !•"■ y s tall i n 0  so 1 i d w i t h 0 n e r g e t i c p a r t i c 1 e s 0  r i on s c a u s 0 s 
c h a n g e s m  the m 0  c in a n i c a 1 p r □ p 0  r t i 0  s o f t h e s o i i d s . W i t h 1 o w 
e n 0 1-qy neu 1 1-ons, p rot ons or o the r p ar t i d e s  the i r i n t erac t i on 
with the atoms of the solid will produce h o m o g e n e o u s  damage 
and at a h i qh e n 0 rqy the neu t rons or p 1 -otons w i 11 in i ti a1 0  a 
pr i m a r y  recoil atom that is capable of p r o d ucing ex t e n s i v e  
c a s c a d e  d a m a g e ■ This displacement damage will be the only 
0 ffec t of n 0 utrons or protons as they wiII not g iv 0  any 
e I a s t i c o r c h e m i c a I in 1 0  r actions i n t h 0  t a r g 0 1 m a 1 0  r i a 1 
1 a 11 i c 0  „
With ion implantation, however, the damaging p a r t i c l e s  
come to rest on the target so producing elastic and chemical 
ef fee ts a 1ong with th 0  d i s p 1acement d a m a g 0 „ T h 0  d i s p 1 a c 0 ment 
d ama g e  will also be different with respect to its 
distribution.,
In an a 11 oy th 0  si tuat 1 on is f ur ther af f ec 1 0 cl by the 
alloying additions themselves both ac t i v e l y  affecting the 
col l i s i o n  process or being affected by it- The effects of the 
v a r i o u s p a r a m 0 1 e r s w ill b 0  ci i s c u s s 0  d w i t h p a r t i c u I a r r e f e r e n c e 
to BCC m e tals and ion implantation
2 - 1.. The._DjLspLl.ac_emi.eixt Cascade.
The principal features of the evolution of a displacement 
cascade have emerged from computer simulations (Robinson 1974, 
Gibson 1960, Buinan 1981, King 1983) using molecular dynamics- 
The co n cl i t i o n s u s 0 d i n ion i m p lan t a t i o n - 5 0 t o 500 K 0 v „ w i t h a n
atomic mass g r e a t e r  than 5 will lead to the p r o d u c t i o n  of 
displaced, atoms, i.e. a. collison cascade, as they s l o w  down by 
in t e raction w it h t he t arget, As thi s s 1ow i n g d o w n o r 
m o d e ration process p r o ceeds the dynamic c h a r a c t e r  of the 
c a s' c a. d e c h a n g e s „
2 . i 1 ■: H i q h El n e r q v
At high ener g y  the ion can lose ener g y  by a seri e s  of 
c o l l i s i o n s  that may have both an inelastic (electronic) or 
elastic (nuclear) " component, Inelastic c o l l i s i o n s  will only 
.dominate when the ion energy is above that requi r e d  to p r o d u c e  
further ionisation events. However, this is t y p i c a l l y  many 
h u n d r e d s  of kev and frequently so high that an ion b e c o m e s  
n e u t r a 1 i s e d a s s o o n as it e n t ers t h e target m a t e r i a. 1 „ I n t h i s 
h i g h e n e r g y r e g i o n t h e p r o ,i ec tile ion \ a t o m w ill i n t e r a c t w i t h 
r e 1 a t i v e 1 y f e w m a t r i x a t o m s a n d w ill g i v e a d i s p e r s i o n o f 
s i n g 1 e v a c a n c i e s a n d i n t e r si t i t i a 1 s T  h e s e i n t e r s t i t i a 1 s w ill 
p o s s e s s e n o u g h e n e r g y t o p r o d u c e sec o n d a r y . ter t i a r y a n d 
hi gher order d i s p 1acemen ts so g i v i ng ri se to f u r t h e r  
d isp 1 acemen t damage of thei r o w n . T h u s , in th is reg ion the 
c o 11 i s i o n a 1 s e q u e n c e i s i n a n e x p a n s ion s t a g e . A s t h e e n e r g y 
fall s ancl the apparen t c ross section of the i on \atom r i s e s , 
the co 11 isions will increase in f r e q u e n c y . A 11hough c o m p u t e r  
s i m u l a t i o n s  take an inordinate length of time to run as a 
r e s u. 11 o f 11") e I a r g e s t a t i stica I f a c t o r s i n v o I v e d . a n 
ana I y t j. ca 1 exp ression can be der i ved (T h o mpson 1969). Th i s 
g i ves t he d i st ance t rave11ed be tween c o 1 1 i si on s ,x ^ ,by an a t om
4w i t h 0  n e r □ y E t r a n s f 0  r r i n q m □ r 0  t hi a n t h 0  d i s p I a c 0 msn t e n e r q y
E ^ „ e q u. a t i o n 1»
< 4 4 E a E) / Ox-- a- nEo.)
or y, ^  oc 4E
©anation i
whore E - p r o ,;i e c: tile e n e r q y K 0  v
E i  = d i so Iacemen t energy ev
n " Atomic density 
a = E-iohr raid i us
%
Ecx. 'L 2 E  R ( /. 1 /- x ' ( hi 1 +M x . * f i- hi2_0  J‘
equation 2
where Z,)2. ~ Atomic numbers of target and ion
= Masses of target and ion 
e ” Charge on the electron 
E R “ R y d b e r q e n e r q y 
An indication of the mean distance TT travelled by an ion
with e n ergy E is given by equation 3,
Tf = < 4E > / ( tc2 n E q. )
equation 3
wh e r e the symbol s hi a ve t h e i r usual me an i n q q i ven ab o v e .
Tab 1 e 1. shows some typ ica 1 d i stances y, ^  trave 11 ed for
t a r q e t s w i t h d i f f e r e n t a t o m i c n u m b e r s w i t h a 10 k e v
p r o .] ec t i 1 e «
A tomic number (Z) 13 29 79
x i  (A) <§! 10 KeV 130 21 3
x (A) © 10 Kev 7 3 3
E 5 (KeV) 1 46 2700
T able 1. I) = 3 A
As the atomic number of the target increases then x" > x
indicating that any recoils soon lose energy to high e r  recoils 
resulting in closely spaced recoils., This is also indicated by 
the increases in E j , the energy at which the? c a s cade e n ters a 
h i gh 1 y d i s t urbed s t a t e C sec t i on 2 „ 1 2  „ ) *
2 u 1.2. ivied i um Eriergy.
After th i s f i rst phase of the c o 11 i s ion s e q u e n c e  1ast i ng 
10 13 sec, when the energy of the damaging atom has fallen so 
t h a t t hi e d i s t a nee bet w e e n e o 11 i s i o n s < x ^ ) i s a p p r o x i m a t e J. y 
equal to the lattice p a r a m e t e r  the ca s c a d e  e n ters a v ery 
d i s t u !"'bed reg ion » The energy E j at wh ich this o c curs i s g i ven 
by eq u a t i o n  4,
E t “ (rr~ a* n^3 E£ ) / (16E„ )
e q u a t i o n  4
The c h a r acter ist i cs of the? c a s c a d e  wi 11 cl"?ange at or 
b e l o w  this energy so that every atom is flung out c r e a t i n g  a 
d i s p 1 a c e m e n t s p i k e u "i" his t y p e o f d a m a g e p r o d u c t i o n w a s first 
p r o posed by Brinkman 1954* Here a v a c a n c y  rich core is formed 
s u r r o u n d e d b y a s e If i n t e r s t i t i a 1 e x t e r i o r * F- o r h e a v y e 1 e m e n t s 
Z > 2 0 a 1 m o s t a 11 t h e d i s p 1 a c e m e n t s occ u r i n t hi e d i s p 1 a c e m e n t
62. 1 „ 3. L o w E n e r q y .
After the d i s p l a c e m e n t  spike region of the c a s c a d e  a. low 
e n e r g y  req ime is e n t e r e d „ At Iow energies the mod e  of damage 
c h a n g e s  from relatively large distances be t w e e n  c o l l i s i o n s  
w i t hi the t r a n s f e r o f h i g h e n e r g i e s t o q u i t e c o m p l e  x b e h a v i o u r *
I)isp 1 acement events still occur and it is the natu.re of these 
e v ents that led S e e q e r  1958, 1962, to extend B r i n k m a n s  work 
and p r o p o s e  that it was the preferential tr a n s p o r t  of 
i n t e r s t i t i a ]. s a w a. y fro m t h e d i s p 1 a cement sp i ke c o r e t h a. t 
stab j. 1 i sed th i s v a c ancy r i ch core „
The e n e r g y  required to produce d i s p l a c e m e n t s  in this 
req i me i s a f unc t i on of c r y s t a 11oq raph i c d i rect i on and i s a 
sign i f ican t p reportion of the d i s p 1ac ing atoms e n e r g y . The two 
main p h e n o m e n a  o p e rating here are the ener g y  p u l s e  and the 
f o c u s e d r e p 1 a. c e m e n t c o 11 i s i o n e n e r g y s e q u e n c e „ T hi e f o r m e r will 
only p r oduce displ a c e m e n t  damage when a su r f a c e  or a b o u n d a r y  
is encountered. With the focused repl a c e m e n t  co l l i s i o n  
s e q u e n c e  a. 1 i ne of atoms i s shun ted to p rodu.ee an i n terst i t i a 1 
at one end and a v a c a n c y  at the o t h e r , both being we 11 
separated and stable. Channelinq also takes place re s u l t i n g  in 
a crowdion. A 11hough rep 1 a.cement sequences o c cur at re 1 ative 1 y 
low energies, they are an important aspect of c a s c a d e  
d e v e l o p m e n t  because the energy distribution of r e c o i l s  within 
a cascade depends on the kinetic energy, EK , as 1 / E^ (Sigmund 
1972), most of the d e f ects being produced at low e n e r g y . The 
ease with which this type of collision can o c c u r  will be 
d e p e ndent on crystal structure* The high s y m m e t r y  of the FCC 
a.nd hiCP meta 1 s enab 1 es re I at i v & 1 y long seq u e n c e s  to take p lace
7with ease. In the BCC metals simple focusing can take place in 
the c l o s e  p a c k e d d i r e c t i o n < 111 > . T h e < 10 0 > a s a f o c u s i n g 
□ i r e c tion is n e g 1 i g i b I e d u e to the s p a c i n g o f t h e s u r r □ u n din g 
ring of a tomes.. The < 110> also has an a s y m m e t r i c a l  ring of 
a t o rn s s u r roun d i n g i t a n d t h e r efor e t he f o c u s i n g w ill be 
complex and short.. Such collision s e q u e n c e s  preevent further 
m u 11 i p 1 :i. c a t i o n o f t h e c a s c a d ee a n d t h i s the n t e r m i n a t ee s with
the d a m a g i n g  p r o j e c t i l e  coming to reset just ahead of the
max i mum d i sp 1 acemen t d a m a q e . The f oc:used rep 1 acemen t co 11 i s i on 
s e q u e n c e s  will be affected by such physical factors as atomic 
n u m b e r  (Z ) » (high I high separation), t e m p e r a t u r e  ••■ lattice 
v i b r a t i o n s w i 13. cl i ss s i p a t ee e n ee r g y , and a 11 o y i n g a d d i t i ee n s w ill 
also s h o r- ten t h e s e q u e n c e . I hi e fin a 1 d i s t r i b u t i o n c a n be 
s c h e m a t i c a 11 y r e p r e s e n t e d b y f i g u r e 1 fro m B e ee g e r 1962,
A 11hough thie abave d iscussion is based on co m p u t e r
c a 1 c u 1 a t i o n s , ee x p e r i m e n t a 1 e v i d e n c e d o ee s e x i s t and t h e < 110 >
p ref rer reed or i en tat i on of thee sp i ke p red i c ted by Bee 1 eer 1966 
hi a s b e e n o b s e r v e d u. s i n g f i e 1 d i o n m i c r o s c o p y (B ee a v a n 19 7 1 3 
a f t e r 1 o w t ee m p ee r a t u r ee i o n i r r a d i a t i ee n ,
2,1,4. L a t t i c e  R e lax at i o n .
The final phase of the cascade ocurring after 1 0 "u sec. 
will involve the relaxation of the lattice from its highly 
disturbed state w h e r e t h ee cl i ss p 1 a c emen t s p i k e c a n a n n ee a 1 b y 
recombination of some close Frenkel pairs (vacancies and 
i n t e r stitials) , ((3 i b s ee n i 960) . T h i s r ee c o m b i n a t i o n w i 11 b e a
f unction of the i rrad iat ian cond i t ianss„ i . e . dose rate 
(0kamoto 1982 „ Averbac k 1983) wheere the concen t rat i on . Cm , of(TV ■
m i q r a t i n a d ee f e c t s i ss q i v ee n b y e ci u a t i o n 5
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Figure 1.______Various defects and co llis ion processes which may occur
during the slowing down of an energetic ion in a crysta lline  so lid .
cequation b
where? dose rate
in the recombination limited t emperature reqime
temperat u r e ) . Tha t i s „ recomb i na t i on i nc: reas63s w i t h i nc reas i n q 
d os 63 r a t e a n d t h us t h e d e f ec t c on c en t ra 1 1 on c! ec r eases. Bo t h 
simulation (Beeler 1966) and later experimental work (Averback 
1 977) aqr£5e on the therma. 1 sp i ke annealino by vacanc ies and 
i n tersti t i a 1 s p e r f orrn ing d i f f u.s i. ona 1 ;j limp s and an n i h i I a t i n g 
with e a c: h o t h e r . 7' h e n u m b e r o f j u m p s i s v e r v 1 o w . ( < 2 5) «
2 ii2b Bst imat ion. 0 f Def e c ts Pr o d u c e d  
Ca 1 cu. 1. at ions were or iq ina 11 y p e r f ormed by Kincn in and 
P e a s e 1955 u. s i n g a s i m p 1 i f i e d a p p r o a c h o f a ) h a r d s p h e r e 
s c a 11 e r i n q ? b ) i n e 1 a s tic e n e r q y 1 o s s e s occ u. r r i n q o n 1 y a b o v e a 
t h r e s h o 1 d e n 6? r g y E x , . c ) n o c r y s t a 1 1 o q r a p h i c e f f e c t s a n d d ) n o 
r e c o m b i n a t i o n o f defects. T h e y q a v e an e p r e s s i o n f o r t h e 
nu.mber of defects ( i « e u F:'renkel pai r s ) produced by an atom of 
en&?rqy E f as shown by equation 6.
N 5  — Ef / (2 E. jy
eq u a t i o n  6
rid
F o r E. p
equati on
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T o r r e n s  and Robinson 1972 improved upon this by using 
data from the m o l e cular dynamic studies (computer simulations) 
o f }?■ e e 1 e r a. n d B e s c a 1964 a n d f o u n d t h a. t t h e n u m b e r o f d e fee t 
d a i r s i s m o r e a c c u r a t e 1 y q i v e n b y a m o d i fled K i n c h i n P e a. s e 
equation,.
hi 5 ~ -CK(Ef •- E -j. ) J- / (2 E^j
e q u a t i o n  8
where i< = d i s p l a c e m e n t  e fficiency
E x ™ the calculated inelastic energy loss
According to Lindhard. Scharff and Schiott 1963,
= E ?/il + kg (€)>
e q u a t i o n  9
q(E) =' 3„4008(E/fc + 0, 4 0 2 4 4 E ^  h-E
k = 0, 1 3 3 7 2 , *  <Z., / A t)Vi
E "• IIA^E/ (A \ “i"A j_) I! La./ Z ( z. -^eJ
a = ( 9tE!. / 128 >/3 a. 0 I Z , +  Z li ~V;t
w h ere a 0 = Bohr radius
e = electronic charge 
Z ~ ^tomic number 
A v,2. = mass n u m b e r 
□ ( E ) = a function given in a numerical a p p r o x i m a t i o n
E ci ~ t h e v a. 1 u e t h a. t best r e c o n c i 1 e s t h e b i n a r y 
c ollision model with the m o l e c u l a r  d y n a m i c s  models.
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T h i s a p p r o a. c h s u f f e r s f r o m v a r i o u. s I i m i t a t i o n s i n i o n 
irradiation c a l c u l a t i o n s  and to g e n e r a t e  a s u i t a b l e  primary 
recoil s p e c t r u m  it is necessary to use e x p e r i m e n t a l  stopping 
power data and R u t h erford scattering cross section. The number 
of def ec ts g i ven by the K i nch i n F-‘ease app rox i mat i on rough 1 y 
c o r r e s p o n d s t o t h e n u m b e r a t t h e e n d o f t h e c o 11 i s i o n a 1 p h a s e 
b e f o r e the cool i n g p h a s e < F^ e h n e t a 1 1984) ,
2 u 5 m Point De f ec t Con fi g ura ti on s -
The fate of F-renke 1 pairs produced in the d i s p l a c e m e n t
c a s c a d e  that escape a t h e r m a 1 recomb inat ion in the first 
-u
10 s e c o n d s  may be summarised ass
1) iviiq ration of d e f ects to form c 1 usters
2) hiigration of de f e c t s  to sinks
3) F:'u r t h e r r ecombi n a t i on
4) C o m p 1 e X f o m a t i o n
These e f f e c t s  have been studied most e f f e c t i v e l y  by
recovery e x p e r i m e n t s  and T E M „ The latter method can only be of
any value when the features produced by m i g r a t i o n  b e c o m e  
0
1 a r g e i, 2 U A «■
2._3_.  Mi oration Qf Defects To F o rm Clusters.
At t e m p e r a t u r e s o f i m p 1 an tat ion, typicall y :i 0. 2 Tm (K ) , 
v a c a n c i e s  and interstitials are able to a g g r e g a t e  into 
cl u s t e r s  that are bound by dislocations, The p r o c e s s  of 
a g g r e g a t i o n  can be modified by the p r e s e n c e  of solu t e 
elements,
Product ion of d is 1 ocat ion loops may c ome f rom two 
p r o c e s s e s ; o n e i s a n o n -- d i f f u sio n a 1 p r o c e s s  i.e. t h e c o 1 1 a p s e
12
of the va c a n c y  rich core of the cascade? to form a vacancy 
loop- The second is a diffusional miprat ion of the defects to 
form loops- Eyre and Etui lough 1965 proposed a nuc l e a t i o n  model 
f o r i n t e r s t i t i a i 1 o o p s i n B C C m e t a 1 s w h i c h c a n a 1 s o h e a p p 1 i e d 
to v a c a n c y  loops. They proposed that initially the defects 
a g g r e g a t e  between the til0> planes to give du.mbeils parallel 
to the < 110> at interst i t ia 1 cluster si zes > 8 f or vacanc:'les 
4 , (Beeler and Johnson 1967). These faulted a/2<110> loops can 
s h ear into loops on the till} (Bu.l lough and Perrin 1968),- the 
r e a c tions being
a/2111103 + a / 2 1100111 >a/2iI1113
equation 10
or a/2 C 110 3 ■+• a/2 C 1103 >aC010 3
equation 11
As a result of the large stacking fault e n e r g y  of ECU 
m e t a l s  the u nf a u 11 i n g will b e a ra re oc c u r renc e an d t h e 
faulted a / 2 < 110 > 1 o o p s p r e d o m i ri a t e .
L o o p f o r m a t i o n will t a k e place b o t h b e f o r e a n d a f t e r 
i rrad i at i on and the two rate equat i ons have been p roposed to 
d e s c r i b e  the growth of v a cancy and interstitial loops.
For in terst i t i a 1ss
dr\/dt ( i/b) [ Z ; D; C; --DVC V-~D5 e x p •( t b 2 /ru kT>+D^ exp-- tmb^ / r u k T > 3
equation 12
F o r v a c a n c i e s :
d ry / d t = (1 / b ) C Dv C v - Z ; D; C ; --D* e kp i r b / ru k T > -i-Dl, e x p - i t b / r k T 3- 3
eauation :L3
13
where D i s 1o c a t i d n 1 ine tension
Dc^ — i)if f u s i v i t i e s  of vacancies and in t e r s t i t i a l s
C; Coneentrat ions of vacanc ies and interst i t :i.aIs
d i f f u s i o n c: o e f f i c i e n t f o r v a cancy and
interstitial transport mechanisms, these may be wr i t t e n  ass
In meta l s  E^ . is typically 5 eV and thus at T< T m /2 is
n e q 1 i q i b 1y s m a 11 and loop q row th f o r a uni f orm d i str i bu t i on o f 
F ren ke 1 p a irs will b e sma 11 (as f or p roton an d n eu. t ron
i r r a d i a t i o n s ) . H o w ever , f o r ion i m p 1ant a ti o n , as aIre ady 
discussed, there is a high local density of Frenkel p a irs and 
no long range diffusional m o v e ments will be needed for loop 
f o r m a t i o n « t h e 1 o o p s w i 11 t hi u s b e I a r g e r t h a n w o u. I d b e 
expected from, e q u ations 12 and 13„ The effect of 2 in equation 
13 is to bias the loop growth so that small interstitial loops 
will have an inherent tendency for growth and the v a c a n c y  
loops have a tendsnc:y to sh r i n k .
T h u s n ci u r i n g i r r a d i a t i o n , v a c a n c y I o o p s a r e c o n tin la o la s  1 y 
b e i n g n la c 1 e a t e d b y case a ci e c a 11 a p s e and i n t e r s t i t i a 3. 1 o o p s a r e 
forming by the c o n d e nsation of in terst i t i. a 1 s to form faulted 
a/2<110> loops-
eq u a t i o n  14
where = Energy of formation
E m  = Energy of migration
14
2_._3_._2.. hi oration Of D e fects To Sinks., F u r t h e r  fieco/nb^  And
C o mp lex Format ion ■.
Ann i h i l a t i o n  of an interstitial or v a c a n c y  may take place 
at two c lasses of s i nk 1) po in t s i nks „ so 1 ute a t oms or an t i 
d e f e c t s  or 2) line sinks, dislocations, grain boundaries, 
p r e c i p i t a t e s , s u. r f a c e s . Sin k s c a n a n n .i h i 1 a t e d e f e c t s w i t h 
varying e f f i c i e n c y  and two types of sink k i n etics can be 
identified; 1) Diffusion limited where de f e c t s  are a n n i h i l a t e d  
r a p i d 1 y e n o u q h t o m a i n tain the cone ten 1r a t i o n at z e r o a t t h e 
s i n k s u I - f a c e , 2) R e a c t i o n 1 i m i ted b y t h e r a t e o f a n n i h i 1 a t i o n 
a t t h e s i n k « T h e s i n I-: e f f i c: i e n cy rj i s t h e n a n i m p o r t a n t f a c t o r 
w h e r e :
— Ac tua 1 rate of ann i h i 1 at i on
R a t e o f a n n i h i 1 a t i o n i f d i f f u s i o n 1 i m i t e d
T h e r e f o r e , tor a perfeet sink rj ~ h
For point sinks association of the defect with s o 1ute 
e l e m e n t s  may lead to the p r eferential t r a nsport of that
p a r t i c u l a r  s o lute element or to s t a b i l i s a t i o n  of the defect at 
h iqher temperatui-es than w o u 1d ord i n a r i 1y be e x p e c t e d . The 
former m e c h a n i s m  is the basis of ra d i a t i o n  enhanced 
s e q r egation. D u r i n q i o n i r r a d i a t i o n u n d e r s i z e  s o 1 u t e s a r e 
t r a n sported out of and oversize solutes are t r a n s p o r t e d  into 
t hi e p e a k d a m a g e r e q i o n (La m « J' a n q h o r b a n , A r dell 19 81) .
The diffusion of defects to d i s l o c a t i o n s  under the
influence of an elastic interaction has been d i s c u s s e d  by
B a 11 u f f i 19 7 6, B u 11 o u q h a n d N e w m a n 1970, W o I f e r a n ci A s h k i n
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1976, 1975, the interaction being modelled by figure 2
(•Johnson 1970) »
F o !'"■ point de f e c t d e s t r u c t i o n a t d i s 1 o e a t i o n s t h e s t e p s
the I
involved are; absorption ontd~*Tbop and the mutual a n n i h i l a t i o n  
with an ant i def ect or p ipe d i f f usion to a .jog wi th 
anni h .i 1 a t i on „ Ball u f f i an d Grana t o 1979 h ave shown t h a t 
v a c a n c i e s  d i f fuse fairly rapidly in disl o c a t i o n  cores and 
i n t e r s titials relatively s l owly and that in the ab s e n c e  of 
jogs the p r o cess is c ontrolled by the diffusion of vacancies. 
T h e for ma t i on of j og s on a d i s 1 oca t i on b y i n t e rs t i t i a 1 s 1 owe r s 
the sink e f f i c i e n c y  by driving the loop polygonal (Balluffi 
and G r a n a t o  1979) .
The a r riva 1 of defect c o m p l e x e s a t  sinks 1 eads to the 
d isassoc iation of the comp lex deposi t ing the s o 1 ute e 1 ement at 
the sink and this therefore leads to p r e c i p i t a t i o n  and 
a 11 e r a t i o n o f s i n k c hi a r a c t e r i s t i c s (0 k a rn o t o a n d R e In n 1979, 
Wiedersich et al 1979)»
In summary, the migration of the d e f e c t s  during and 
f o 1 1 owing i rrad iat ion is a c o m p 1 ex process not lend ing i tse 1 f 
to even q u a 1 itative i n t e r p r e t a t i o n « The effect of the defect 
f 1 u x e s c a n p r o d u c e p h a s e s e p a r a t i o n o r r e - s o 1 u t i o n , d e p e n d i n g 
upon the d i r e c t i o n o f t h e f 1 u x e s , w hi i c hi i s i n f 1 u. e n c e cl b y t h e 
original defect structure, d i s l o cations and precipitates. 
Further, it s h o u 1 d be noted that the i m p 1 anted ion will a 1 so 
b e in a v e a s a n a 1 1  o y i n g addition a n d c a n b e c o u p 1 e ci to t h e 
defect fluxes.
Energy of la tt ic e  s ite
- * ~ x ----
r  \
/ w
/ V
Energy
Distance from dislocation
Figure 2. Schematic representation of the la t t ic e  s ite  energy as 
modified by a dislocation.
2»J;„1..Jianqe Of Implanted Ions In Metallic Materials.,
I n o r d e r t o q i v e a a e s c r lption a f t h e m o d i f i c a t i o n s
i n d u c e d b y e n e r 9  0  t i c i o n b e a m s i t i s n e c e s s a r y t o p a y 0  a m e
a 11 0 n t i 0 n t a the f i na I ranqe and d i s t r i bu t ion of t h 0  i mp 1 an 1 0 d 
ions,, As a l ready discussed an ion entering a target slows down 
b y i n e 1 a s 1 1 c a n d e 1 a s t i c c o 1 1  i s i o n s . Pi n a c c u r a t e d e t e r m :i. n a 1 1 a n 
o f t h e r a n g e a n d d a m a g e s t a t i s t i c s w i 1 1 . t h e r e f o 1-' e d e p e n d o n a n 
a c c: u. r a t e k n o w 1 e d g e o f t h e n li c 1 e a r a n d elect r o n i c s t o d p 1 n g 
powers. T h ere has, however, been a large d i s c r e p a n c y  in 
cal c u l a t e d  ranges (Johnson and Gibbons 1970, G i b b o n s  et ai 
1975, A n d e r s o n and Z i e g 1 e r 1977 , W i n t e r b o r n 1975) a 11 h o u. g h 
these a u t h o r s  have all solved the same e q u a t i o n s  of Lindhard, 
8  c h a r f f a n d 8  c h i 0 1 1  1963 „
1 n i t ia 11 v wo r k e r s  used thie Thomas F"ermi mod e  1 to y ie 1 d
t h e n u c I e a. r s t o p p i n g p 0  w e r w h i c h i s a f u n c t i 0  n 0  f the
interatomic potential between the ion and the target atoms. 
This is a s e r ious drawback as no cert a. in v a l u e  of interatomic 
potential exists for most ion/target combinations. From 
e xp e r i mem t a 1 measu.r emen t s t h i s me t h od i s f oun d t o
u n d e r e s t i m a t e  the range. Ziegler 1977 p r o p o s e s  the following 
d e t e r m i n a t i o n o f t hi e n u c 1 e a r s 1 0  p p i n g p o w e r 8  n b a. s e d o n 
experimental data., He gives S n for ^three r e g ions of the 
r ed uc ed en erg y whe re & i s q i ven by eq ua t ion 15.
E = •C32u53hi3LEj/-{:Zl Zx (hi, +M*.) ( Z ,v* -i-zj^)^ >
eq u a t i o n  15
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Ion energy 
Ion, target masses 
A t o m i c n u. m b e r s
SA can also be expressed in terms of 6 , the reduced 
e n e r g y , b y e q u. a t ions 16, 17 a. n d 18.
e < o . o i
equation 16
8 n = i 1 u 7 & Vx Ln (G-i-exp 1) > / 1+6. 8E-I-3. 4 £ 2>/*' > 0,01 £ E > 10
equation 17
Sn = O L n (0.47 E ) > / i2E> E > 10
equation 18
It is in the region E « 1 that the nu c l e a r  stopp i n g  
p a r a m e t e r  predominates,
The second i mpor tan t stopping powei- i s the elect ron i c 
stop p i n g p owe r Se. ( E ) , Here t hi e s i t ua t ion i s comp 1 e x as i t h as 
been f ound that Be (E ) is a per iod ic f unc t ion of the ion atomic 
n u m b e r  (2 ) * also Be. (E > p e aks a t a p a r t i cu. I a r ion e n e r gy a n d 
then d e c r e a s e s  again. Various analytical f o r m u l a t i o n s  have  
neen a t t empted (Gibbons et a'l 1975, Va r e l a s  and Biersac 1970) . 
All t h ese f ormuIa ti on s rb 1 y on i n t e r p o 1 a t i on of ex pe r imen t aI 
d  a t a g i v e n b y N o r t h c 1 i f f a n d S c h i 1 1 i n g 1 970. T hi e b e s t 
d e t e r m i n a t i o n  of 8 o,(E) is given by Ziegler 1977 and it is 
based o n e x p e r i m b n t a 1 d a t a f o r v a r i o u s ion •••-1  a r g e t c o m b i n a t i o n s
1 . 5 9 3 € Vi
where
M.,:
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an d en 0 r gy ra.n 9 es, Z i 0 9 X0  r d e f i n 0 s S (EX) by
o <2, (Ei) “ L B w x V 1 z. j.) j / i z. ^ ^ b p ( V 1 /_ j_,! J-
e q u a t i o n  19
where S HX (9, Z *, ) ~ the stopp i n g  of heavy ions of atomic: n u m b e r  
Z , at veloci t y V
B p  (Vi 2  a_ ) ~ the c o r r e spondinq proton s t o p p i n g  in the
t a. r q 0 1  a t t h e s a m 0  v 0 1  o c i t y
Z hx = the atomic number of the target
As a. comp a r i s o n  with e x p e r i m e n t a l l y  m e a sured ion ranges
a n d dist r i b u t i o n  s t h e exp 0  r i m e n t a J. a n d c a J. c u 1 a t e d r a n g 0
d i s t r i b u t i o n s  are shown in figure 3. Although the c h o i c e  of 
stopping power does affect the u l t i m a t e  range, the 
ca l c u l a t i o n s  give a fairly clear indication of the final depth 
and d i s t r ibution of the implanted ions- It can a l s o  be seen 
f rom f igure 3 that the pea.k in imp 1 anted ion c o n c e n t r a t  ion 
1 ies at a q r 0 atei- range than the p 0 ak in the c a l c u l a t e d  
d i s p l a c e m 0 nt d a m a geTl"i is is as expected f rom t h 0  prev.i.c<us 
sections-
2.5,. 11 e c h a nica 1 i“:* r o o e rties,
From the proceeding discussion of the 13.t t ice damage 
produced by thie interaction of h igIn energy bombardi nq i ons 
w i t h t h e h o s t m a t e r i a 1 i t can b e e x p e c t e d t h a. t t h e s u r f a t e 
mechanical properties will be altered by irradiation of the 
surface by energet i c i ons. The two properties; f hat have 
r e c e i v 0 d t h e m o s t e x t e n s i v e s t u d y a r e f a t i a u e a n d w e a r »
20
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Figure 3* A Comparison Of Measured Projected Range Data For Oxygen Ions
In Silicon With Theoretical Estimates.
1) Gibbons, Johnson, Mylroie electronic stopping power
2) Northcliffe, Schilling inelastic stopping power
3) and 4) Brice, Ziegler inelastic stopping power
(Matthews 1 98l)
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2. S ul- Fatigue In FCC And i~iCP Me tals
There have been coinprehensive studies on the effects of 
heavy ion implantation in copper with the most extensive being 
b y B u r r, B a I-;: h r u a n d G i b s o n 1979» T h e s e w o r k e r s i rn p 1 a n t e d s e v e n 
d i f f e !■-• en t spec ies to vary inq doses, in some cases inc 1 u.d ing a 
post implantation anneal. Their results are summarised in 
figure 4. In all instances the fatigue life was increased on 
i mp I an ta t i on by app rox i ma t e 1 y 65% „ bu t post •- i mp 1 an t at i on 
an n e a l i n g  p r o duced a decrease in fatigue life with Beryllium- 
These w o r k e r s  a 1 so noted the ef f ect of f at igu i ng en v ironmen t 
on the results- An increase in fatigue life of unim p l a n t e d  
Capp e r  can be as great as 65% when tested in Argon which is 
r o ughly the same as for the ''-implanted samples- S i milar 
i n o r e a s e s  i n f at i gue 1 i f e have a 1 so been observed by i-ieydari , 
S t arke et al for Alu m i n i u m  implantation where a reduction in 
t he rate of c y c 1 i c harden i ng was a 1 1  r i buted to a reduc tion of 
c ross s lip by 1 ower i ng of the stack i ng f au 3. t energy and a 
delay in the formation of persistent slip bands- For 304 
s t a i n l e s s  steel implanted with Nitrogen or Neon no change in 
the f at igue J. i f e resu 1 1 ed in ei ther Argon or Ai r a t m o s o h e r e s  
(Bakhru, Gibson, Burr et al 1981)- Fu r t h e r  work by Kujore, 
C h a k r a b o r t t y  et al in 1981 on Copper showed the expected 
d e p e n d e n c e  on the state of surface stress produced by ion 
i m p 1 an t a t i o n , in t h at the surf ace tens i 1 e s t r e s s e s  p roduc ed by 
B o r o n i m p 1 a n t a t i o n r e a u c e ci the f a t i g u e 1 i f e w h i 1 e A 1 u. m ini u m o r 
Chromium, which produce c o mprehensive stresses, increased the 
fatigue life-
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I m p I anti n g N i t r q  g e n o r C a r bon i n t o i~i C i::‘ met a 1 s ( t h e m o s t 
p o p ular being the commercial Ti-~6AI~-4V alloy) with or without 
a nnealing gives only small increases in f a t igue life 
<Hi rvonen « Corse 11 et a 1 1979) „ Simi 1 ar e f fects were obser v e d
f d r y. / f:i T i ~ 2 4 V a 11 o y i m p 1 a n t e d w i t h A 1 u m ini u rn (J' a t a , H a n , 
Starke, Legg et al 1983)„ Later work has shown e x t e n s i v e  
Ni tr i de o r Carb i d e p rec i p i t a t ion in t h e as i m p 1anted Tit an i urn 
mat er i a 1 (Hutching s 1984)»
2.5,2. F a t i g u e  In BCC Metals-
Increases in fatigue lifetime of implanted Carbon s t e e l s  
have been observed in a number of studies (Hartley 1980, Hu et 
a 1 1978, 1979, H e r m a n e t a 1 1979) „ T h e s e s t u d i e s i m p 1 a n t e d
!M i t r o g e n i n t o 1 o w C a r b o n s t eel, (0 „ 18 X ) , pro d u c i n g I a r g e
increases in the fatigue life, figure 5, However, on a g i n g ,  a 
further increase in the fatigue life was ob s e r v e d  (Hu et al 
1978,1979, Herman et al 1979). A TEM study a t t r i b u t e d  this to 
the formation of N:i. t ropen martens i te wh i ch b e c o m e s  d e c o r a  ted 
on a g in g wit h n it rides an d c a rb i d e s - T h e p r e c i p i t a t e s  of 
c a r b o n i t r ides s t r e n g t hi e n t h e s u r f a c e b v i m p e ding t hi e m o v e m e n t 
of glide d i s 1o c a t i o n s .
I m p 1 antat ion has also been shown to increase the r o 1 1 ing 
cantact fat igue 1 i f e of EN 31 by Ni trogen impIantat ion (Wh i t e , 
Dearna 1 ey 1980) „ A 1 s o , in an inves t igat ion bv Hart 'j.ey and
hi i r v o n e n 1983, T a r'i t a 3. u m i m p 1 a n t a t i o n i n t o s e v e r a 3. s t e e 1 s
produced a large increase in lifetime. In a more recent study 
b y H u b 3. e r a n d Sin g e r 1984 using M 5 0 b e a r i n g s t e e 1 4 X C r , 0- 8  5 X 
C , i mp 1 an t a t i on of Ch rom i um and /or hio I y b d e n u m  p roduced no
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increase in rolling contact fatigue whereas Tantalum produced
1 a r g e i n c r e a s e s i n 1 i f e « T hi e s e w o r k e r s found t h a t T a n t a 1 u m 
b e hi a v e s i n t h e s a m e w a y a s T i t a n i u. m i rn p I a n t s i n t o v a r n. o u si 
s t e els b y p r o d u c i n g a n a rn o r p hi o u s 1 a y e r w i t hi t h e a i d of C a r b o n 
introduced from the surface (Singer et al 1981, Singer 1983)'»
2 n 5.. 3. ti e c h i a n i s m s 0 f W e a r ■
The wea r  p r o cess can be d :i. vi ded in to three main reg i mes 
(8 haw 1971 > » These are: 1 ) Ab ras i ve w e a r , 2) Corrosi ve
(o v, i d a t i v e ) w e a r , 3) F a t i g u. e w ear, 4) A d h e s i v e w e a r u T h e
division into these cate g o r i e s  is for c o n v e n i e n c e  in 
d e t e r mining the dominant m echanisms as a number of m e c h a n i s m s 
may be oc c u r r i n g  in a metal surface under wear. A d h e s i v e  wear 
i s t hie rnos t common « t ak i ng p 1 ace on t he sur f ace asper i t i e s , 
T hi e m e c h a n i s m  is pi a s t i c i n t e r action o f t h e a s p e r i t i e s I e a d i n g 
t o 1 o c a 1 a d h e s i o n , p 1 o u g h i n g , d e f o r m a t i o n a n d t hi e s u b s e q u e n t 
d e c: o hi e s i o n o f m i c r o n s i z e d p a r t i c 1 e s (S a r k a r 1976) « 1 1  i s
apparen t f rom t h i s mechan i sm that ab ras :i. ve wea r  w i J. 1 be a 
consequ.ence of adh es i ve wear by t hie p roduc t i on of hi ar d 
(o i d i s e d ) m a t e r i a 1 «
T h e m e c h a n i s m o f m ate? r i a I Id s  s i s t he si u b j e o t o f
con trover- s y , but the best model for the? process of wear is
t hat of Andere 11 i et a 1 1973 and 1 ater i'laug rsi et a I 1976 who
obser ved d i s 1 o c a t i on s; i n wo r n ma t e r i a 1 and c ale u 1 a t ed t hi a t 1 %
of the* energy dissipated by hi eat appears as- stored energy in 
t hi e m a t e r i a 1 u The i r w o r k e m p h a s i s e s the? i ni p o r t a n c e o f p I a si t i c 
deformation rather than ad hies i ve forces affecting thie 
g e if e r a t i o n o f w e a r d a m a g e C B u c k 1 e y 1976 > « T hi e a c c u m u 1 a t i o n o f
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subsurface? wear damage? gives rise to del ami nation of material 
from the s u r f a c e  (Suh 3.973, Jahnmir e?t al 3.974) . The most 
s a t i s f a c t o r y  e xplanation of this d e l a m ination effect is given 
by Suh 1977s the s u r face traction exerted by the harder 
material on the softer s u r f a c e  induces plastic shear
d e f o r m a t i o n  which a c c u m u l a t e  with repeated loading- As the 
s u b s u r f a c e  deformation continues, cracks are nu c l e a t e d  b e low 
the surface. Crack n u c l e a t i o n  at the surface is not favoured 
be c a u s e  of the triaxial state of highly c o m p r e s s i v e  stre s s  
be low the contact region. The depth of formation of a crack is 
governed by the mater i a. 1 properties, the c o e f f i c i e n t  of
friction and the state of load.. This d e l a m i n a t i o n  theory is 
based e n t i r e l y  on the mode of defo r m a t i o n  of the a s p e r i t i e s  
un der stress. Indeed, o b s e r v a t i o n s  of wear d e bris sho w  the
p r e p o n d e r e n c e  of plate like p a r t i c l e s  under c o n d i t i o n s  of mild
3. u b r i c a t e d we a r p r o v i d i n g p a w e r f u 1 e v i d e n c e of a mec h a n i s m
s l.i c h a s t hi a t p r o p o  s e d „
Thi e r e f o r e , t o ac hi i e ve a we a r r es i s t a n t s u r f a c e t h e
s u b s u r f a c e  deformation, crack nuc l e a t i o n  and crack p r o p a g a t i o n  
and s u rface friction must be supressed, This may be a c h i e v e d  
by lowering the coef f i c i e n t  of friction, .increasing the
ha r d n e s s  and increasing the toughness..
Although the above is a r e a s onable d i s c u s s i o n  of the 
met a 1 1 urg i c a 1 processes oc c urr i n g , it does n o t t a k e i nt o 
account the effects of the environment. For example, adh e s i o n  
is the dominant m e c hanism for wear under vacu u m  conditions. 
B u c k 1 e y 1976 a n d 8  a s a d a a n d !< a n d o 1973 a J. s o s h o w e d t h a t w e a r 
p a r t i c l e s  increased in size under a Nitrogen a t m o s p h e r e  as
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c o m p a r e d w i t h a n a i r a t m g s p h e r e . i::' u. r t h e r m d r 0 , o x i d e f g r m a t i o n 
will o b v i o u s l y  be a function of temperature and thus of speed, 
1 o a d a n d f r i c t i o n . J. t h a s b e e n s h o w n b y R o s e n b e 1 - 9  a n d J o r d a n
1935 that the pr e s e n c e  of oxide reduces the wear rate by
p rov i d i n 9  a low f r i c t i on f i 1 m . However, Be i be 1 and i<obit zsch
1942 found that increasing Oxygen up to 10% increased the wear 
rate. I ntroduction of an oxide film c o m p l i c a t e s  the model of 
the wear process. Moore and Tegart 1952 o b s erved detac h e d  
oxide p a r t i c l e s  becoming embedded to considerable depth within 
the ruptured zone b e c ause of repeated formation and f r a cture 
of the s u r f a c e  oxide. Thus the situation is no longer the 
normal sit u a t i o n  of a work hardened am o r p h o u s  juncture but 
r a t h e r a c o m p l i c a t e  d m i xt ure o f st ra i n ed me t a 1 1 ic mate r i a 1 , 
oxide and other possib1e reaction products (Ear1es and Powe11 
1 V 6 B ) ..
In summary, the p r ocess of wear is a m i x t u r e ’of the four 
m a i n m e c hi a n isms. The r e f o r e , a n y m o d i f i c a t i o n o f t h e s u. b s u r f a c e 
and s u r face elastic properties, o x i dation properties,
frictional p r o p e r t i e s  and crack nucleation growth p r o p e r t i e s  
wi 1 1  be expected to a 1 1 er the behaviou.r of a s u r f a c e .
2.5.4. wear And Ion I m p 1a n t a t i o n .
Hartley. was the first investigator who found that 
t ribological p r o p e r t i e s  can be modified by ion implantation. 
Var i ous meta 3.s and a 13.oys have been stud ied s inee? the f i rst 
w o r k u s i n g w e a r t e? s t s with s e v e? r a 1 a n a I y t i c a 3. tec h n i q u e s . T h e 
material of most interest has been Iron and its alloys.
28
Ta
Di
e 
g. 
We
ar 
M
od
ifi
ca
tio
n 
Of 
Va
rio
us
 
Iro
n 
Al
lo
ys
 
W
ith
 
A 
Ra
ng
e 
Of 
Im
pl
an
te
d 
Sp
ec
ie
s.
I a b 1 e 2 < H e r m a. n :i. 9 8  :L) list s a. n u m b e r □ f e a m p 1 e s o f w e a. r 
mod i f i c: a. t ion t h r o u. g h ion implantatio n . T h e h a p h a. z a r d w a y i n 
which expe r i m e n t s  have been conducted makes the comparison 
b e t w e e n r e s u. 11 s d i f f i c u 3. t .
Although most of the studies on the effects of 
t ri b o 1 og i c a 1 p rope rt i e s h ave been on f e r rous a 1 1 o y s . for 
co mole ten ess the more sail tan t features of the work on non
f errou.s meta 1 s will also be cons idered ,
2 .5,S „ Titaniurn And Its A 1 1 oys
T h e impIantation of Ca rb on o r Ni t rog en i n t o T i t an ium an d 
i t s a 13. o y s h a s b e e n f o u n d t o p r o d u c e a d i s p e r s i o n o f s e con d 
ph ase carb ide or nit r ide part i c 1 es in the s u b s u r f a c e  regi on 
(Hutchings 1984, Rauschenback, Richter and Hohuth 1981), The 
i n f l u e n c e  on the wear behavi our of T i tan ium and i ts a 1 1 oy
T i --6 A 1 49 is not s i g n i ficantly altered as a result of the
implantation of Carbon or Nitrogen or indeed with Boron or 
Oxygen, Any improvement derived from implanting any one of 
these e 1 e m e n t s o n 1 y p e r sis t e d until t h e i m p I a n t e ci I a y e t- 
cont a i n i n g  t he prec i p i ta t es had been wo rn away (8 uri e t aI 
1979) , 11 i s on I y by the i n t roduct i on of T i n a 1 ong w i th thie
N i t rogen bv bombardment diffusion of a Tin 1 ayer on T i - 6 A 1 -49 
at 5 0 0°C that a significant wear reduction can be achieved, 
Th i s p racedure p raduces a 5 jjlm depth of T i n and N o s s b a u e r  
exa.minat ion r e v e a 3.s a well def ined la 1 1  ice si te f or the .Tin 
< D e a r n a. 1 e y 19 81 > „ 11 hi a s b e e n p r o p o s e ci t h at t h e s u b s t i t u t i o n a I
T i n is i n t e r a c t i n g e I a. s t i c a 11 y w i t h t h e i m p 1 a n t e d N i trogen t o 
p r o d u c e  a d i p o 3.e able to re 1 ax under st ress (section 3.2, 4-. )
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and so account for the decreased wear of the s u r f a c e  by an 
enhanced h a r d ening (Dearnalev 1981) «
As well as. the influence of selected atomic s p e c i e s  on 
t h e w e a r b e h a v i o u r o f T i t a n i u. rn a n d i t s a. 1 1  o y s , t h e e f i: e c t o f 
t e m p e r a t u r e o f .i m p 1 a n t hi a. s a 1 s o been p a r 1 1 y i n v e s t i g a t e d b y 
R i e and Lampe 1984 who f o lind t h a t i n c ompa r i ng n 11 r i deci 
a,nci Ni trogen imp la.nted Ti -•• 6 A 1 - 4 V hoth t r e a t m e n t s  showed 
improvements in wear resistance above 500 and 3 0 0 °C 
respec t i ve 1 y « Th i s sug g es t s t h a t „ as expected, t h e sec on ci 
phase p r e c i p i t a t e s  will form by a diffusional p r o c e s s  and 
t h e r e f o r e t hi e i n t e r p r e t a t i o n o f D e a r n a 1 e y s ' r e s u 1t s , p u r e 1 y 
in terms of Sn-N interactions, may be m i s l eading as they were 
imp 1 anted at a higher temperatu.re thatn normat 1 „
I n s li m m a r y , t h e i m port an t w o r k o n T i t a n i u m and i t s a 11 o y s 
show that a l t e r a t i o n s  to the wear beh a v i o u r  can be a t t r i b u t e d  
to second phase formation and possi b l e  j substitutional! 
i n t e r s t i t :i. a 1 i n t e r at c t i o n s . T h e s e at 1 1  e r a t i o n s w ill b e n e f i c i a 1 1 y 
a 11 e r t hi e p r one r t i e s a 3.1 u d e ci to in section 2,5. 3.
2,5.6. Fe r r o u s  A i l o ys._
(a) Heavy Ion I mp 1 an t a t ion..
The class of elements falling in this region are those 
having atomic numbers gr e a t e r  than JL0  and t h e r e f o r e  inc 1 u.de 
the i n £3 r t g a s e s a n d t r a n s i t i o n m e t a 3. s . F o r t hi e t r a n s i t i o n 
m e t a 1 s T i t a n i u m i m p 1 a n t a t i o n s h a v e recei v e d t hi e w i d e s t 
attention- In 52100 steel., a m a r t ensite bearing a l loy steel, 
T i t a n i u m i m p 1 a n t a t i o n p r o d u c e d a r e d u c t i o n i n w e a r b v 'i 0  
(Carosella et al 1979). The same influence on wear was found
in MSG steel by Wang et al 1V79 who found that the corrosion
r e s i s t a n c e  was also improved- In this and other studies:- on
n n
pure Iron imp lam ted to similar doses, :!. 1 0  "i'i cm , a
s u b s t a n t i a 1 i n c r e a s e i n t h e s u b s; u r f a c e C a r ta o n c o n c e n t r a t i o n 
was f ou.nd to r e s u 1 1  f rom tine :i. mp 1 an tat ion <l<napp et a 1 1979) «
T In i s C a r b o n h a s b e e n f o u n d t o a c: t t o p r o d u c e a n a rn o r p h o u s 
layer of 7 i "-C--F e (Knapp et a I 1979, Pope et al 1983). Similar 
to 7 i tan i um i fnp I an tat i on , Tan ta 1 urn i mp 1 an ted i n to 5.2100, M 50 
and p u I - e I r o n a I s o p r o d u c e d a high s u. b s u r f a c: e 8 : a r bon conte n t 
a n d s i m i 1 a r w e a r c h a r a c t e r i s t i c s were o b s e r v e d (H u b I e r e t a. 3. 
1984). It has been proposed that the formation of the 
am o r p h o u s  1 ayer bv ion beam carbur i sat i on is a t rait of the 
c a r b i d e  forming elements, the groups IVE-f, V B , N b , I a producing 
an amo rp h ous 1 a ye r (S i n q e r 1983) „ Th e p r esen c e an d inf 1 uerice 
of Carbon in the ion implanted layer has been illustrated by 
S i o s h ansi a n d A u 1984 u s i n q 7 i t a n i li m a n d 7 i t a n i la m p 1 la s C a r b o n 
:i. m p 1 a n t a t ion i n u 1 1  r a in i g hi v a c u. u m condi t ions; t h e y f o u n d that 
the d u a I i m p j. a n t a t i o n p r o d li c e d t h e w e a r e f f e c t s r e p o r t e d 
e a r 1 i e r a n d w a s b e 11 e r t h a n with 7' i t a n i u m a 1 o n e , 0 1 hi e r
e 3.emen t s , C o b a 3. t „ Nickel or Chrofnium, implanted into 304 stee 1  
have a varied influence, Cobalt improving wear and Nickel or 
C h r o m i u m  giving no benefits;; again 7 i tan i urn produced some 
i m p r o v e m e n t s  <Hirvonen et aI 1979)„ In this study n □ further 
a n a l y s i s  has been made and i n terpretation is therefore  
d i f f i c u 11 * h o w e v e r , 7 i t a n i u. m a n d Cob at 3. t m a v b e v i e w e d t o b e 
a f feet i n q m e c in a n i c a 3. p r o p e r t i e s , b y c a r b i d e f o r m a t i o n i n t in e 
c a s e o f 7 i t a n i u m o r b y the p r o d u c t i o n o f 1 a 1 1  i c: e s t r s\ i n f r o m 
an atorrii c si ze d i f f erenee in the case of Coba 3. t u "I"he Coba 11 ,
however, may be? producing a low friction Bilby layer in the 
304 steel surface and thus causing an improvement in wear
r e s i s t a nee. N o o t h e r s t u d i e s a s y e t e i s t t o c 1 a r i f y t h e s e 
p o i n t s .
The wear improvements in Iron a 1 1 oys by t r a n sition m e t a 1 s 
are thus seen to result from a change in the surfa.ee s t r u c t u r e  
wi th wear imp rovements persist ing on 1 y i:or the depth of 
i m p 1 a n t a t i o n „ 1 1  h a s b e e n s h a w n t h a t t h e b e s t r e s u 1 1  s a. r e
often produced by the introduction of Carbon by a type of dual 
i m p 1 a n t » The a m o r phous 1 ayer will increase the c o r r osion 
r e s i stance (Wang et al 1979) and also result in an increase? 
i n the hardn e s s  and a. 1 owsr coe?f f i c i en t of f r i c t i on . These 
factors will reduce subs u r f a c e  shear and there?fore increase
wear resist ance . 0 1 i ve r et a 1 1984 h ave sh own t hat t h e
ha rd n ess of Ti t an ium o r Tant a 1 um i m p 1 an t ed su r f ac es dec r e ase s .
T h e r e s u 1 1  f o r i n e r t g a. s i o n s a r e s omewh a t c o n t r a die t o r y 
and have received little attention. Pavlov et al 1974 found a 
507, incre?ase in ha.rdness and a. 2007. decrease in friction by 
Argon bombardment of steels., This is in contrast to Ha r t l e y  et 
al 1976 who found little change with Neon, Argon or Krypton. 
Both studies agreed that the improvements in wear p r o p e r t i e s  
we re ag a i n sh o rt 1 i v e d . The n otic e a b 1 e d i f f eren ce bet ween t he 
two w o r ks i s the beam cur rent u s e d , P a v 1 ov using 17 uAcm 2  
wh ich wouId ha.ve caused a considerab 1 e degree of beam heating. 
The increased temperature wi 1 1  have produced c h a nges in thie 
i nert gas bubb 1 e popu 1 at i on and defec t st ructu.re.
T h e c dmmerc i a 1 p roduction of ion b 0 a m 0  of Carbon , 
N i t r open 0 x vpen and B o r a n i s c h 0 ap 0 r and 0 as .i er than for h 0 a.vy 
ions and t h e r e f o r ©  this class of implantation has receivod the 
g r e a test a t ten t i o n » I n d 0  0  d , b y f a r t h e m o s t i n t r i g u i n 9  a s p e c t 
of ion implantation is that produced by the light ions C, 0 , 
Nh B wi t h t h 0  produc ti on of d ramat i c i mp rovemen t s i n 
tribological p r o p e r t i e s  (Hartley et al 1976, Harding 1977). 
Nitrogen has received the most attention since from the early 
work of H a r t l e y  it was found that the reduction in wear rate 
produ.ced by imp 1 antatt ion persisted to d e p t h s  mu.ch g r e ater than 
the depth of the implanted Nitrogen.
Two main tests are used to e x a m i n e  the tribological 
properties, ei ther abrasi ve (micron sized part i c 1 es in a 
s 1 u.rry) or a d h e s i v e  (pin on d i s c ) . As a resu 1 1  the p hysica 1  
c o n d i t i o n s imp o s 0  d on the implanted w e a r s a m p 1 e v a r y m a r k e d 3. y * 
f o r e x a m p 1 e , a b r a s i v 0  w e a r w i 1 1  not give the high s li r f a c 0  
tempe r a t u r e s  ( f iqu.re 6 3 or ox ide f o r m ation of adhesi ve w e a r . 
Desp i t e the phys i ca 1 d i f f erences between these two tes ts a 
no t able feature observed by many' wo r k e r s  using a variety of 
BCC and FCC steels is the presence of implanted Nitrogen after 
the s u r face has been eroded to a depth greater than the
initial implanted depth (Singer and B o l s t e r  1979, Hale et al
19 S 1, F e ller e t a 1 1984, D i m i 9  e n a n d K o b s 1985, L o R li s s o 1979, 
Hartley 1976).
It is this inward diffusion of Ni t r o g e n  during wear that 
i s t h o u g h t t a g i v e t hi 0  d e p t hi e f f e c t o r i g i n a 1 1 y o b s e r v e d b y
Hart lev 1976. The diffusion of Nitrogen during wear is at
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p r e s e n t a f e a t u r 0  w h i c hi i s c 0  n s i d e r e d a n □ rn a 1 0  li s  a n d p a r t i c u. 1 a r 
1 0  i m p 1 an t ation. A q nalit ati v 0  m 0 d e 1 f o r t h i s p h e n 0 m 0 n a has 
b 0  0  n p r 0  p 0  s 0  d b v w 0  r k e r s a t U K A E A H a r w 0  ]. 1 (I) 0  a r n a 10  y a n d
H a r t l e y  1976). This suggests that Nitraqen or Cartoan form 
atmospheres around d i s l o c a t i o n s  produced during wear thus 
r 0 1 ard i ng ttot0  i r p r 0 pagat i 0 n and r 0 sli 1 1  i ng i n a h a r d 0 n i ng of 
the material. The Nitrogen can then m i g rate to gr e a t e r  d e p t h s  
by a i d 0 f p i pe d i f f us i on along the d i s 1 ocat i on cores „ T'he 
thermal ener g y  for diffusion is supplied by the wear process, 
since during sliding wear tests Rowson and QLiinn 1980 have 
d ete r m i n e d  the surface temp e r a t u r e  to be as high as 300 to 
400°c; figure 6 . More recently it has been proposed that the 
o b s erved depth effect may be initiated by the Nitrogen but not 
s us t a i n e d  by it as enhanced wear r e s i stance con t i n u e s  a f ter 
the implanted Nitrogen has been removed by the wear p r o c e s s  
(S o m m e r e r  and Hale et al 1984, Dea r n a l e y  et al 1984)„ The 
current model considers that the in it i a 1 r u n - in b e h a v i o u r  is 
mod i f ied toy a change in the st rain harden ing procsss <H u b 1 er 
and Bmidt 1984, Dearnaley et al 1984). Cl e a r l y  the b e h a v i o u r  
of ion implanted Nitrogen in the wear p r o c e s s  is not yet fully 
u n d e r s t o o d  as the two proposed models are conf 1 i c t inq. 
Further, no quantitative d escription of the Nitrogen m i g r a t i o n  
dur ing wear has b e en attempted to test the f i rst model.
Wi th i on i m p 1 an tat i on a m e t a s t a b 1 e s u p e r - s a t u r a t e d  
solution c an b e produced i n wh i ch ttoie solid s o 1 u b i 1 i ty o f t h e 
material for the implanted species is greatly exceeded ana 
p r e c i p i t a t i o n w i 11 o f t e n r e s u 11 „ T hi e f o r m a t i o n o f I r a n 
n i t r i d e s  in alpha Iron after -Nitrogen ion implantation and
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Figure 6 . Temperature Rise At The Surface Of A Steel During
Wear From Oxidative Studies,
a. 1 so a f t e r p os t i mp 1 an t a. t i an a.g i n g hi a.s b e 0 n s t ud i 0 d u.0  i n g TE hi
by Hu. et al 1979. 'They found the meta s t a b l e  Fe hi ^  (c< “ ) , after
Jack 1 9 8 :i. m in a high l y  d isturbed mat r i wi th ind i vidua 1
d i s 3. o c a t i o n s d i f f i c: u. 3. t t o r e s o 1 v 0 . T h e n i t r i d 0  h a d n u. c 3. e a t e d
iai i t h a p r 0  f f e r r e d o r i e n t a t i o n t o t h e f e r r i 1 0  m a t r i >; w i t h a. n
a verage p r e c i p i t a t e  size of 10 nm„ On aging further
p r e c i p i t a t i a n t o o k p 1 a c e g i v i n g p a. r t i c 1 es s m a 1 1  e r i n s i z: e t h a n
the original Fe M*. • this second prec ip i tat ion resulted in a
f urther enha n c e m e n t  of tr i b o 1 o g i c a 1 and f at igue propert ies (Hu
et a 3. 1978, Herman et al 1979, Herman 1981). Although the
a u t h o r s d o n o t g i v e b. n y e p  1 a n a t i o n f o r t h e i r o b s e r v ations, it
rn a y be expects d t h a t the a c c u m u 1 a t i o n o f r a d i a t i o n d a rn a g e
w o u 1 d r e t a. r d p r e c i p i t ai t i o n (L e n t i n e n a n d Ro b e r t s 1973) .
H o weve r . d ue t o t he hi g h c on cent ra t i on o f Ni t rog en t he
f orma t i on of t he 1 ower n i t r i de i s t o be e xp ec t ed . On ag i ng t he
»
intermediate phase Fe 4 N(tf) can be formed (Jack and Jack 1973) 
by Ni t rogen d i f f usion. A 3. thou.ghi Hu. et a 1 did not find thi is 
p h a s e i t h a. s b e e n f o u n d i n o t h e r s t u d i e s (R a la s  c  h e n b a c k e t a. 3. 
19 8  :L) a 1 o n g w i t hi a s e r i e s o f n i t r i d e s (C a r b u c i c c hi i o e t a 1  
1981). The beh a v i o u r  of implanted Nitrogen has been further 
stud ied usi ng N o s s b a u e r  Conversion Spec t r o scopy in pure I ron 
or unalloyed carbon steel (Longworth and H a r t l e y  1978). T h ese 
workers, in general agreement with others, found that b e l o w  
4 0 0 0 C d i f f la s i o n ou t s i d e  the 3. a y e r t o o k p 1 a. c e s hi o w i n g t h e 
n i t r i d e s f o r (11 e d from i m p 1 a n t a. t i o n t o b e t hi e r m a 13. y la n s t a b 1 e
I n t h e s e s t la d i e s o n t h e p hi a s e e q la i 3. i b r i a 1 i 1 1 3. e a 11 e n t i o n 
hi a. s b e e n paid t o t h e i n f 1 u e n c e o f a 3.1 o y i n g e 1 e m e n t s a s t h e s e 
w i 3.3. la n d o la b t e d 3. y u. p s e t t h e e a la i 3. i b r i a t o p r o d u c e o t h e r p h a s e s .
The roI e of nat i v 0  in 1 0 rs t i t iaI e 10 men t b  i n i0 n i m p I a n 1 0 d 
s u r f a c e s  has received little attention (except for section 
2,5,6, (a.) ) b u t C a. r b o n i s k n o w n t o b e i n a d v e r t e n 1 1 y i n t r o d la c e d 
d la A" i n 9  i m p 1 a n t a t i o n „ I n C a. r b o n s t e e 1 b (e v e n 1 o w C a. r b o n ) t h e 
N i t r ogen and Ca rbon a.c t t o 9 e t h e r t o f or m ca r b on i t r i d es 
a l t e r i n g  the annealing c h a r a c t e r i s t i c s  (dos Santos et al 1982, 
P r i n c i p i e t a. '1 1980) A t p r e s e n t the o r i q i n o f t h e C a r bon i n
the carbonit r i d e s , nat i ve or int rodlaced, is lancertain . 
Pr i nc i p i 1980 f oland that the f ormat ion of carbon i t r ides was 
d e p e n d e n t  on dose and qccurred on 1 y above 2 x 1 o '7 N and h e n c 0  
s t r o n g l y  implies Carbon introduced from the s u r f a c e « Upward 
d i f f las i on of Carbon d r i ven by the 1 a r 9 e v a c a n c y  f 1 u.x f rom the 
su r f a c e  is p o s s i b l e  however, but thee i ntroduction of Carbon is 
likely to be dominant, Th i s again has not yet been fully 
tested q u a n t i t a t i v e l y  to d e t e rmine which m e c h a n i s m  is
dominant,
S la b s t i t u. t i o n a 1 all o y i n 9  e 1 e m e n t s a c t i n a s i m i 1 a r w a y t o 
C a r b o n i n a 11 er i n 9  the phase e q u i 1 i b ri a pr od uc ed « T h e o r i 9 i n 
of the subst i tut iona 1 elemen ts is not as amb i 9 uous as for 
Carbon and thei r mob i 1 i ty is c e r t a i n 1 y &nhanced by ion 
implantation. The colap ling of a solute? flux has been 
t h o r o u g h 1 y in v e s tig a ted b y L a. m e t a 1 197 9 and s u. f f i c i e n t 
m o b i l i t y  exists even at room t e m p e r a t u r e s  for the
s u b s t i t u t i o n a l  solute ele m e n t s  to b e c o m e  involved in
p rec i p i tat i on react i o n s ,
I f a. s t r o n 9  c a r b i d e o r n i t r i d e f o r m i n 9  e 1 e m e n t i s p r e s e? n t 
then implanting Carbon or Nitrogen 1eads to p r e c i p i t a t  i o n „ The 
p r e c i p i t a t e s  formed are often very small, < 1 0  nm, and form
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w i th an ar i en tat ion to the paren t ma.tr i:-;. For exa.mpie, I r q n 
T i t a. ri i u m a. 11 o y i m p I a n ted w :i. t h C a. r b □ n f o i- m s I" i t; a n i u m c a. r b i d e 
(K n a. p p a n d F o 11 s t a e d t 19 81 > w hie h f i t s i n w i t h t h e 
B a. k e r - I'M u 11 i n g s t □ i e h i e m t r y s
1100 3 TfC // C 1001
S i m i l a r  behaviour to this has been observed for C h r o m i u m  
ni t r i d e  in 304 sta.inless steel (Kant 1984). In contrast to 
Kant 1984, Baron and Chang 1981 found incoherent C r-N  
p r e c i p i t a t e s  i n 304 and 316 d i s t r i b u ted u ri i f o r m 1 y i ri t h e 
lattice. This observation of Baron and Chang can be acc e p t e d  
a s t h e i r d o s e r a t e s w e r e s rn a 1 1  a. n d i m p 1 a ri t a t j. o n t i m e s 
c o ri s e q u e ri 11 y 1 a r g e (12 h o u r s ) . S u c h t i m e s p a n s a. 11 o w e d t h e 
d i f f u s i o n t o o c c u r r e s u 11 i n g i n □ s t w a J. d r i p e n i n g o f t h e 
p r-ecip i t a t e s . Th ese wor ker s observed t ha t all t hie n i t r i de 
formation took plaice in the region of peak c o n c e n t r a t i o n  of 
the i m p I a n t e d I'M i t r o g e n i n d i c a. t i n q t hi a t t h e N i t r o g e n d o e s n o t 
m i g r a t e  far, becoming trapped after a few diffusional jumps 
w h e n a 11 o y i n g e 1 e m e n t s a r e p r e s e n t . T h e f o r m a t i o n o f 
p r e c i p i t a t e s d o e s n o t i m p I i c i 1 3. y give enhanced we a r r a. t e s 
(Singer arid Mur day 1980). Although both show the pre s e n c e  of 
Cr-N, given by Auger microscopy, it is thought that the 
I'Mi t rogen i s p reven t i ng the t ransf ormat iori harden i rig of the 3 04 
s t e e l .
Wi th the invo 1 vement of IMi t rogen in nit r ide f ormat ion i t 
may be expected that any diffusional m e c h a n i s m  o p e r a t i n g 
d u r i n g w e a. r w i II b e r e t a r d e d a. n d t h e " d e p t h e f f e c t n s e v e r e 1 y
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redu.c:ed „ Th is is certain 1 y th 0  c a s 0  w h 0 n T i tan inm i s p r 0 sen t 
as for e x a m p l e  a stabilising element in steelsj in these 
systems no d i f f u s i o n  of Nitrogen is ob s e r v e d  during wear 
(Feller et al 1984). However, for 316 a slight d i f f u s i o n  of 
50nm takes p l ace and for 304 a high p r o p ortion is retained to 
I a r q e d e p t h s e v e n t h o u g h t h 0  m a t e r i a 1 i s e x p e r i e n c: i n g s e v e r e 
w 0 a !•■• c o n d i t i o n s , f i g u. re 7 a , b , c . A t p rese n t. t h e r e a re n o 
models proposed to explain the triboiogical b e h a v i o u r  of these 
steels.
The influence of substitutional alloying a d d i t i o n s  such 
as those d i scussed have a di rec t bear ing on the p r o port ion of 
i n 1 p 1 a n t e d N i t r o gen o r dose r e m a i n i n g i n t h e n e a r s u r i: a c e 
reg i on at a dep t h rough 1 y g i ven by the LSS theory cjf sec t i on 
2 » 2 . An i nc rease in the a 1 1 oying add i ti ons r e s u 1 1 s i n an 
increase in the retained dose as it is o b s e r v e d  that when 
increasing the temp e r a t u r e  of implantation or dos e  rate (beam 
cur ren t ) N i t rogen may d i f f use read i 1 y 'i n t o or ou.t of the 
m a t e r i a l ,
Fu r t hi e r wo r k on t h e ef f ec t s o f t emp e r a t u r e on the f i n a I 
i m p 1 a n t e d p r o file h a v e r e v e a ’1 e d that a s i g n i f icant d e p a r t u. r e 
froret the expected ideal profi 1 e can be obtaineo. Apart from 
peak broadening, which is to be expected from d i f f u s i o n  and 
range shorten ing effects, d o u b 1 e peak f or m a t i o n  o c c u r s  in 1 ow 
a 11 o y o r C a r bon s t e e 1 s a n d p u r e I r o n , f i g u r e 8 , (I w a k i e t a '1
1984, ho n e o f f r e  1984). Again, as with other a s p e c t s  of ion 
i m p 1 a n t ation this has n o t b e e n a d e q u a t e 1 y e x p 1 a i n e d o r 
q ua nt if i ed 5 i t may be p resumed h ow eve r , t hat the Ni t rog en is 
p r e f e r e n t i a l 1 v migrating to the region of m a x i m u m  damage-
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Nitrogen cone 
(arbit. units)
Depth (a rb it. units)
  Nitrogen implanted at low temperatures
  Nitrogen implanted at high temperatures
Figure 8. Typical depth p ro files  of Nitrogen implanted in pure Iron  
with target cooling and without target cooling.
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(c3 Transition Metal / N itrogen Dual 1 mp 1 an tat i on „
In a previous sec: t ion , 2.5.6. (a ) , the synerg ist ic
effects of a metal ion and light ion (Carbon) have already- 
been alluded to. The most extensive work on the area of 
s e q u. e n t i a 1 imp 1 a n t a t i o n h a s b e e n u. n d e r t a. k e n b y D e a r n a 1 e y a n d 
h i s c o—w o r k e r s „ i-i a r 1 1 e v a n d D e a r n a I e y e t a 1 197 3 i n i t i a 11 y
observed that implantation of Molybdenum and Sulphur in the 
ratio of ls2 gave? a reduction in friction and wear that was 
better than either alone. In this instance the formation of 
Mo 1 ybdenlim d isu3.ph ide, a compound known to act as a 
1 ub r i cat ing a.qen t. is though t to be the cause of the reduced 
f r i c t ion and wea r „ Th e pa i r in g of i m p 1ant e d s p e c ie s with o th er 
alioying add i t ions is we11 known wi th ion i m p Ian tat ion and 
n o r m a 3.3. y o c c u r s w h e n t h e r e i s a c h e m i c a 1 a f f i n i t y b e t w e e n 
t h e m „ i.e. T i IN, C r M , T a C e t c . (c f. p r e v i o u s s e c t i o n s ) .
H o w e v e r ? fro m t h e w o r k o f W a d d ell a n cl D e a r n a I e v i 9 S 4 y 3.9 S 1.
the same synergi st i c ef f ec ts are observed f or Nit rogen
i mp I an t ed w i t h a species hav i ng little or rio t endency f or 
n i t r i d e f o r m ation. F o r s i t u a t i o n s s u c h a s t h e s e w h e r e t h e r e i s
m i h i ma I chem i ca I i n t erac t i on an e 1 as tic i n t er ac t i on i s
p o s s i b 1 e c r e a t i n g s u b s t i t u t i o n a 1 - i n t e r s t i t i a I d .i. p o 1 e s . T h e
w o r k b y Dear" ri a 3. e y a n d W a d d e 11 1983. has demonst i - a ted t hi i s b y
cie t erm i n i ng the d i s t r i bu t i a n of i mp I an t ed N i t rogen i n I ron 
after the ■ implantation of an oversized solute Yttrium o,r a 
simi 1 ar sized so 1 ute Manganese, figure 9. It can be seeri from 
figure 9 that the diffusion of Nitrogen is influenced
d i f f e r e n 11 y f o r t h e t w o i m p I a n t e d s o I u t e s , t h e o v e r s i z e d
Yttrium having a greater affinity for the Nitrogen.
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c - 5
O  CO
m
Depth ( Microns)
i 5 / 1 6 / 2Figure 9« Redistribution Of N Implanted Into Pure Fe (10 ions/cm
At 400KeV) As A Result Of The Subsequent Implantation Of Manganese (----
j c 2
Or Yttrium (-----) 5*10 ions/cm.
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T  h e  r e  d i s  t r i b u. t i o  n o  f N  i t r o  g e  n t □ f □ r m  s li b b t i t u  t i o  n a 1 
- - i n t e r s t i t i a l  d i p o l e s  m a y  be? e x p e c t e d  t o  p r o d u c e  a s u r f a c e  
t h a t  h a s  a  h i g h e r  y i e l d  s t r e s s  t h a n  w o u l d  b e  o b t a i n e d  f r o m  
s i n g l e  i m  p 1 a  n t a  t i o  n (B  z k o  p i a k 1976) a n d t hi e r e f o  r e  i m  p r o  v  e  d 
w e a r  r e s i s t a n c e .  T h i s  h a s  b e e n  f o u n d  t o  b e  t h e  c a s e  f o r  
Y 11 r i u  m  / N  i t r o  g e  n , P 1 a  t i n u  m  / N  i t r o  g e n a n d T i n / N i t r o  g e  n 
i m p  l a m  t e d  s t a i n l e s s  s t e e l  ( W a d d e l l  a n d  D e a t r n a i e y  1984 , 
D e a r n a l e y  1985)»
A  f u r  t h e  r e  f f e e t  o f  t h e  o v e r s  i z e d  s o 1u t  e  m a y  b e  t o  
i n f 1u e n c e  o x i d e  g r o w t  h s t h i s  i s  c e r t a i n  1y  k n o w n  t o  h a p p e n  w i  t h 
Y t t r i u m  ( D e a r n a l e y  19815 a n d  c a n  t h e r e f o r e  m o d i f y  t h e  
o  i d a  t i o n a  T p h a  s  e  o  f w  e a r .  U n t i l  t h e n a  t u  r e  o  f a  n y  i n t e  r a  c. t i o  n 
b e t w e e n  t h e  i m p l a n t e d  N i t r o g e n  a n d  t h e  o v e r s i z e d  s p e c i e s ?  i s  
k n o w n  it i s  d i f f i c u l t  t o  i d e  n t i f y  w  h i c h m  o  d e  1, o  i d a  t i o n a  I a  r 
(ri e c h a  n i c a 1, i s  r e  s  p o  n s i b J. e  f o r t h e i m  p r o  v  e m  e  n t s  i n w  e  a  r 
r e s i s t a n c e ,
2 ,.6 ., S u m m a r y  O f  I o n  I m p l a n t a t i o n .
T h e  v o l u m e  o f  w o r k  o n  t h e  m e c h a n i c a l  e f f e c t s  p r o d u c e d  b y  
i o n  i m  p 1 a  n t ai t i o  n a n d  i t s  a  b i 1 i t y  t o  a 11 e r t In e  s  u  r f a  c e 
m  e c h a  n i c a  1 p r o p e  r t i e s  is' n o  w  u  n d i s p u  t e d b u  t t h e  m  e  c in a n i s  m  s  b y  
w h  ichi i o n  i m p l a n t a t  i o n  a c t s  is  u n c i e t e r m i n e d  a n d  t w o  m o d e  1 s 
h a v e  b e e n  p r o p o s e d .  T h e s e  m o d e l s  c o n f l i c t  o v e r  t h e  d i f f u s i o n  
o  r n o  n -  d i f f u  s i o  n o  f N  i t r o  g e n d u  r i n g w e  a  r » S o m e  o f t h e  p r o  b 3. e  m  s 
t h a t  h a v e  n o t  y e t  b e e n  a d d r e s s e d  a r e  t h e  l o c a l  e n v i r o n m e n t ,  
d i f f u s i o n  a n d  t r a p p i n g  o f  t h e  i m p l a n t e d  N i t r o g e n .  A l l  o f  t h e s e  
f a c t o r s  w i l l  h a v e  a m a j o r  i n f l u e n c e  o n  t h e  m e c h a n i c a l  
p r o p e r  t i e s  a n d  tIne i r e f  f e c t s  h a v e  b e e n  i n d  i r e c  11 y  d e m o n s t  r a t e d
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from the work reviewed here.,
With the dual implantat ions of M e t a l - q a s  ions there is 
not y e t s u. fficient e v i d e n c e t o enable a m o d e 1 to b e p r o p o s e d . 
H o w e v e r , it i s ap p a rent t h at t h e re is so me t rap p ing o r 
assoc i at ion of the two i m p 1 anted spec i e s „ I n d e e d , a s i m i 1 ar 
si tuat ion ex i s ts when there is a stronq c h e m i c a  1 af f in i ty 
between the implanted sp e c i e s  and one of the alloying 
elements. In order to sep a r a t e  chemical and rad i a t i o n  dama g e  
e f fee t s wh i c h e x i s t in i mp) 1 an t ed mat e r ial it i s t h e re f o r e 
apparent that further work must be done on a model system.
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! n 10rna J. i- r i c t i on
A comprehensive review of the theory of anelasticity and 
the ori g i n s o f i n t e r n a 1 f r i c: t i a n p e a k s i n cry s t a 11 i n e s o I :i. d s 
h a s b e e n g i v e n b v N o w i c k a n d B e r r y 1 9 7 2 H o w e v e r , f o r c 1 a r i t y 
the more salient features of the theory of anelast :ic: i ty and 
the peak mechanisms occurring in BCC metals will be given.
3. 1 „ Th eor e t i ca 1 Bas i s 0 f 1 n t e r na 1 F- r :i c: t i on (Ane 1 as t i c: i t v ) »
In an ideal elastic material Hooks law defines the 
re 1 a.t i onship between st ress and strain as
i7 = EE
equation 20
In this treatment of the state of strain of a solid no 
consideration of time is made, the dependent behaviour that is 
r e q u i r e d f o r a n e 1 a s t i c i t y « T hi e b e h a v i o u r o f a n a n e 1 a s t i c: 
material may be summarised in three points:
1) For every stress there is a unique equilibrium value of 
strain and vice versa.
2) The equilibrium response is achieved only after the passage 
of su f f i c i en t t i me,
3> The stress strain reIat ionship is Iinear.
In qualita t ive t erms an e 1as t i c re1axa t i on a t- i ses from a 
c o u p 1in g be t ween s tre ss an d s t rai n t hrough a pa r ti c u 1ar 
internal variables, P, that can change to new equilibrium 
values only through a kinetic process. Thus, for a finite 
s t r e s s t h e i n t e r n a 1 v a r i a b I e P i s c: o n s i d e r e d t o r e 1 a x t o w a r d s 
i ts equ i 1 i br i u.m va 1 ue P at a f i n i te rate and consequen 11 v 
r e 1 a x e s t o w a r d s i t s e q u i 1 .i. b r i u m v a 1 u e T  hi :i. s q .i. v e s r i s e t o t w o
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limiting c o n d i t i o n s  under a cyclic stress of frequency to
D a )  >u>  ^ The stress is applied so rapidly that P is u n a b l e
to respond; the material is then unrelaxed.
2) oj " The stress is applied so slowly that P P,
e q u i 1 i b r i u m „ a n d t h e m ate r i a 1 i s t h e n r e 1 a x e d .
A p hi a s e 1 a q t h e r e f o r e r e s li 11 s b e t w e e n s t r e s s a n d s t r a i n 
for 0 < oj <co „ For a dynamic s y s t e m  which is periodic in time
this p h ase lag and variation of <r and E can be written
\oA.
<f = cr0 e
eq u ation 2 1 a
a r i u t ~ E 0 e
eq u a t i o n  2 1 b
w h ere 0  = an g 1 e b y which strain lags b e hi n d s t r e s s , t he 1 oss 
ang 1 e
A c o n v e n i e r, t m e c h a n j. c a J. m o d e 1 f o r t hi i s s y s t e m m a y b e 
exp ressed using figure 10. From this model the strain for the 
s y s t e m  can be written as equation 2 2  from equation 2 1 b.
E = E i 1 t x ) e
equation 2 2
w h ere £, = component of s 1 1 -ain in phase withi the stress
€ a - c: o m p o n e n t o f s t r a i n o u t o f p h a s e w i t h t h e s t r e s s 
D i v i d i n g t h i s e q u a t i o n b y o g i y e s t h e c o m p 1 i a n c e J o r < 1 / E )
J  (a ; )  =; J , (oj) — i  J -  (oj)
eq u a t i o n  23
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S J
unrelaxed compliance
Figure 10. A mechanical model of anelaetlc material.
J.
U l
Figure 11. Vector diagram of storage and loss compliance
giving the loss angle.
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wh 0 r- e J ' (co) — c o illp 1 e x c om d 1 i a n c e
J t ( co ) ~ E v /v0 =  real part of J (co) the storage
comp 1i anee
J 2_ (co) ~ E z/(?• 0 the imaginary part of J ( co } , the loss
compiiance
R e p r e s e n t i n q e q u. a t i o n 2 3 a s a v e c t o r d i a g r a m ( f i q u. r e 1 :i.) i t
can be seen that the loss angle 0 re 1 cites to the loss as
follows!
1 an 0  ” J / J \
equation 24
The significance of J \  and J % storage and loss
compliances can be illustrated by reference to the energy 
s t o r e d a n d d i s s i p a ted p e r c y c. le.
E n e r q y d i s s i p a t e d , A W ($ cdE =:= rr. J 2 c 0 2
squat ion
Cot-TT/Z
E:. n e r q y s t o r e d W < rd €  ^  E J
o_ft=o
squat ion
T hi e s e r e s u 11 s t h e n r e 1 a t e t o T a n 0 b y e q u. a t ion 2 7
£ = A W /W = 2 n:(J2 /J, ) 2 ^:Tan0
equaition 27
T l"i e f u. n c t i o n a 1 f o r m t hat the loss e q u a t i o n s q i v e w i t h 
frequency was described by Zener 1948 in considering the 
model given by figure 10., This model can be described by a 
f i r st d e q r e e d i f f e r e n 11 a 3. s t r e s:- s s t r a i n e q u a t i o n „
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equation 28
where J ^  ™ J ^  + £J
S o 3. v i n q e q u. a t i o n 2 8 f o r t h e s t o r a g e a n d 1 o s s c o rn p i i a n e e s 
J, and corresponding to a system given by equations 21a and 
21b qiv e s e q u a t i o n s 2 9 a a n d 2 9 b •
Jr = J, + oj t_ J
OJ To- J ia. ” - J
eauation 29a
equation 29b
Equat i ons 2 9 a and 2 9 b q i ve two debye type equat i ons f or the
s t o r a g e  and 1 oss e o mp 1 i ances J » and J'2  .
J, (oj) -■ J ^  -i- i (£J) / (l-i-o>2 To.2 ) }
equation 30
(.OJ) = ( SJcuTq- ) / ( l-HW^  Tg-'2 )
equation 31
Zenner 1948 has shown that the loss angle 0 (internal 
f r i c: t i o n > m a y b e e p r e s s e d a s t h e ci e b y e f la n c t i o n o f e q u a t i o n s 
30 and 31 with a precise term for the relaxation strength 
thus?
Tt < 1+A )Vz
q :i. v i n q Tan 0 -• OJ T
e q u Si 11 o n
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Equation 32 plots as a peak centred about w f  ~ 1 shown in 
figure 12, As can be seen from figure 12, a> needs to be varied 
over two d e c ades in order to trace out the peak,, However. as 
the rearrangement of an internal var i a b l e  will involve a 
p r o c e s s  in which an energy b a r r i e r  is o v e r c o m e , the relaxation
r a t e t *' m a y b e e x p re s s e d b y a n A r r h e n i u s e x p r e s s i on .
-i -q/kt
t v0 e
equation 33
w h e r e Q = a c t i v a t i o n e n e r g y
v0 " or'ien tat ion f reauericy
k “• Bo 11zmans constant 
T ~~ t e hi pera t u r e 
By varying temperature a range of -t v a lues can be
i n v e s t i g a t e d a n d f r o m e q u a t ion 32 a d e b y e p e a k w i 1 1  b e g i v e n „
Thus, it may be seen from this general treatment of one 
internal friction variable that the o c c u r r e n c e  of an internal 
friction peak can be d e s c ribed by a unique set of values for
0 , t  and T p , t hi e p ea k t e mp e ra t u r e „
3,2._Internal Parameters Giving 1 riterna 1 i::'r ict iori Ef f e c t s ._
From the above d i s c ussion of anelast ic: i ty it is ev i d e n t
that d i s crete defect types with their own values of Q and t  
c a n p r o d u c e t h e i r o w n i n d i v i d u a 1 a n e las t i c e f f e c t s a n d 
c o n c u r r e n t l y  the separate defect types may subtly interact to 
p r o d u c e f u r t hi e r n e w p hi e n o m e n a » T h e t w o c 1 a s s e s o f d e f e c t 
corif i qurat ions may be cons i dered , 1) Poiri t def ec t relaxat :i. ons
and 2) Line defect relaxations. These will be discussed in the 
f o 11ow i n g sect i on s „
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3.2.1. T h 0 ory 0 f Poin t D 0 f ec t Rela;-;at ion s ,,.
Ir 1 a c r y s t a 1 point d 0 f 0 c ts p r □ due© an e 1 ast ic d i p o 1 e aa a 
r 0 su.It of elastic distortions., The state of strain p r o duced by 
the introduction of an .interstitial defect into a perfect 
1 a 1 1 i c e c a. n b e d e s c r i b e d Id y t h e A t e n s o r w h i c hi i s t h 0  s t r a i n 
c o m i:j o n 0  n t p 0  r la n i t c o n c e n t r a t i o n o f defects, a X 1 p a s s 0  s s :i. n g 
t hi 0 s a i n 0 o r i 0 n t a t i o n ,
Cf)
AijiHH <SE^j)/<£CP >
equ a t i o n  34
w hi 0 r 0 P = o r i e n t a t i o n i n d 0 x
E,j tensor components of strain 
Gp -- concentration of defect in orientation p
The X tensor rep res0n t s an 0 Jli psoid whi i ch possess0s
(fi
s v (ri m e t r y , f i g u r e :L . T h 0 ten s o r f o r X i s s y m m e t r i c: w i t h
(f) Cf)
X[j ~Xji anc:l can be charac 10r i s0d by three mlatuall y psrpend i c u ]. ar 
axes.. The X tensor is then diagonal with components A,, X% v A 5 -
A, 0  0
0  A x 0
0 0  A 3
The form of the A tensor may therefore be seen to be 
determined by the symmetry system (Nve 1957) and/defects having 
the same symmetry wi 11 appear-' the same to a stressi field, 
a 11 hi olag h t hi 0y may h a ve d i f f e r ent o r i en t a t i on s p . Th e n lamb e r o f 
A t e n s o r s t hi a t c a n e x i s t (n t ) is t hi u s 0 q u a 1 t o a s la b m la 11 i p 'J. e 
of defect orientations. The consequence of this is that if nt 
= 1 all t he d e f 0c t s 1oo k a 1i k e t o t he s t res s f i e 1d (as i s t he
Figure 13. Strain ellipsoid caused by an in te r s t i t ia l  In a BCC la t t ic e
UU’KTU J
case of the trigonal defect in hexagonal metals) and no 
rela x a t i o n t a k e s pi a ce. I f n ^  > 1 t h e n o n e d e feet o r- i e n t a t i o n 
w i 1 1 b e f a v o u r e d o v e r t h e o t h e r s q i v i n g a r e o r i e n t a t i o n a n d 
red i str ibu.t ion of the defec ts«
W i t h t h e s t r a i n i n d u. c e d b y t h e p o i n t d e fee t t h e r e i s a n 
associated f ree enerqy level Xp . The f ree enerqy 1e v e 1 and 
its relation to applied stress is given by Nowick and Berry 
1972, in the limit of small stress
= - Vq A<P\ t
equation 35
where v 0 ~~ atomic volume 
<?• = stress
The effect of an applied stress on /p is shown 
schematically in figure 14. Splitting of the energy levels^1 
will produce a new low energy equilibrium state and to achieve 
t h i s t h e p o i n t d e f e c t s m u s t r e o r i e n t a. t e a n d r e 1 a x t o w a r d s 
e q u 1ibr ium- The repopulation of new e q u i 1ibri um si tes wi th 
s t ress and temperature can be def i ned by Bo 11 zmann stat i st i c s ?
(Cf ) / (Co ) = {exp (-• tp/KT) } / -tll^ exp (-- X*/KT> >
equation 36
where Cp = equilibrium concentration in p 
C 0 concen t rat i on
T ~ T e m p e r a t u r & 
l< Boltzmann constant
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Figure
orientation
Il lu s tra t io n  of the free energy levels before (............ )
and a fte r  (--------- ) sp litt in g  by stress.
• nr~y
or by expa.nsion;
< C * > / (C0 > = i /nt C 1 “ ( /KT) + .1./n^E^C ^  /KT) I!
equation 37
The number of defects (dipoles) r e orientating is 
t h e r efore dependent on the free energy level and thus stress.,
I f t h e d e f ee t s a re d i s t r i b u t ed n on hi omog en eous 1 y i n a 
material and the relaxation behaviour is determined by a 
m e t h o d w h i c h i m p o s e s a n o n u n i f o r m s t r e s s i: i e 1 d a n t hi e 
m a t e r i a 1 t h e n t h i s m a y a f f e c t t h e n u m h e r o f d e f e c t s 
r e o r i e n t a t i n q » T h i s i n t u r n m a y i n f 1 u e n c e t h e m a g n i t u d e o f t h e 
relaxation measured. With ion implantation the defects are 
p rod uc ed at t he su rf ace an d t h erefore mav g i ve a re1a xat i on 
s t r e n q t hi t h ia t c:i i f f e r s f r o m a h o m o g e n e o u s pop u 1 a t i o n o f 
defects- This situation has been partially examined by Berry 
a n d P r :i. t c l"i e t 19 81.
3 „ 2 ■ 2 „ Re 1 axat i on Of Non Uri i f orm 1 y D i st r :i. but ed Def ec ts»_
A description of the damping of a thin surface layer has 
been qiven by Berry and Pr i tchet 1981 „ The darnp inq is 
e x p r e s s e d i n t e r rn s o f t hi e f r a c t i o n a 3. e n e r q y 1 o s s p e r c y c 3. e 
AW/W for the layer and the bulk material, equation 38;
S = (AW/W) - <AWS ~-AW^ ) / -C2 (Ws+WjJ
equation 38
w hi e i - e A W 5 ^  e n e r g y 1 o s t :i. n si u b s t r a t e / 1 a y e r p e r c y c 1 e
Ws ^  = energy stored in substrate/layer per cycle
If the thi c k n e s s  of the layer is small compared to the 
thickness of the bulk material then W c a n  be neglected, in 
terms of W 5  and equation 34 can be rewritten?
* c, (W *y W 5 ) £
equation 39
w h e i-- e £ s ~ d a m p i n g o f s u b s t r a t e 
£) =: d a m p i r"i g o f 1 a y e r 
T h e o b s e r v e d d a m pin q i s t hi u s a w e i g h t e d s u m o f £ s a n d £ ^ 
w h e r e t h e w e i g hi t i n g f a c t o r i s m u c h s m a 1 1 e r t h a n u n i t y » T h u. s , 
f r o m t h e a n alysis o f B e r r y a n d F- r i t c h e t , if t h e I a y e r i s t hi i n
t h e d a m p i n g f r o m t l “i e d e f e c t s i n t h e 1 a y e r m ax v b e u n  o b s e r v a b 1 e
d u e t o t hi e v a 3. u e o f t hi e w e i g h t i n q f a c t o r . hi o w e v e r , i t w ill b e 
s h o w n i n s e c t i o n 9„ 2 , t hi a t t hi e a n a 1 y s i s o f B e r r y a n d P r i t c hi e t 
i s n o t e n t i r e 1 y a c c u r a t e „
3 . 2 „ 3i« P o i n't Def e c: t R e 1 a x ax t :i. o n s I n B C C M e t a Is,
T hi e r e I ax x a t i on o f p o i n t d e f e c t s t h a t g i v e r i se t o d e b y e 
type peaks in the manner p r e v iously discussed are termed Snoek 
type re 1 axat i ons af ter 3 noek 1939.. 7 he po i n t def ec t s can be
either intrinsic or extrinsic. The intrinsic defects,, 
v a c a n c i e s o r i n t e r s t i t i ax I s „ a r e p r o d u c £5 d b y i r r a d i a t i o n o r
c o 1 d w o r k a n d , d u e t o t h e d i s 1 o c a. t i o n d & b r i s p r o d need w i t hi 
t hi e m n t h e i r r e 1 ax x ax t i o n s a r e d i f f :i. c u 1 1  t o i n t e r p r e t . T hi e
in t r insic re 1 axxat ions wi 3.1 be d iscussed in a 1 a.ter sec t ion .
F o r t hi e e x t r i n sic d e f e c t s t hi e s i t u a t i o n i s s o m e w h a t c I e a. r e r , 
the s p e cies that give a Snoek re 1 ax ax t ion b e l o nging to this 
c 1 a s s ax re e x ax m i n e d i n t hi e n e x t s e c 1 1 o n .
5 9
3» 2» 4. S n o e k P e a k s F r o m E x t r i n sic 1 n t e r s t i t 1 a 1 s _
S n o e k p e a k s d u e t o i n t e r s t i t i ax 1 C a i- b o n , 0 x y q e n , N i t r o g e n 
and Hydrogen have been observed in Niobium, Table 3. (Powers 
and Doyle 1959, Gibala and Wert 1966a, Powers and Doyle 1957, 
S c h i l l e r  and Sch n e i d e r s  1968).
Interstitial Defect Peak Temp
(1 Hz)
A c t i v a t i o n E n e r q y
0  (c a 1 >
560
77 ( 0  400Hz)
33150 
2  6  7 0  0  
34900 
2800
Table 3._
The Snoek relaxation in Niobium is c o n s i d e r e d  to be due 
to the stress induced reorientation of the interstitial defect 
between octahedral intersticies. However, the d e t e r m i n a t i o n  of 
t h is s i t e 1 o c a t i o n c a n n o t b e m ax d e f r o m r e I a x a t i o n 
measurement's, but has to be determined from secondary 
t e c h n i q u e s « T hi e s i t e 1 o c a t i o n i s n o t t hi & s a m e f o r a 1 1 t hi e 8  C C 
interstitial defect couples,, Table 4 s u mmar i evss the evidence  
for octahedral as opposed to tetrahedral occupancy.
For the lattice models that of Savino is based upon sounder 
t h e ore t i c a 1 c o n s x d e r a t i o n s H  o w e v e r , it i s s t r a n g e t h a t 
B e s hi e r s and D i .j k s t r a s h o u 1 d a r r i v e a t d i f f e r i n g c o n c 1 u s i o n s 
f o i - t hi e occupancy, especial 1 y w hi e n u s i n g t hi e s a m e t e c h n i q u. e ,
Techn lau.e System uc taheci ral T e t r a h e d r a 1 A u t h o r
Di ffusion 
X -■ ray 
A^ Ac
X xX D
La t t i c e  model 
La t t i c e  model
Fe~C 
Fe-C 
Nb-N 
Nb-0 
Fe-N 
Fe-C 
Ta-0 
Ta-IM 
V-Q 
V-N 
Nb~N 
Mb — 0  
Ta-N 
Ta - 0
V.N
Fe-C
V-N
Nb-N
Nb-0
Ta-N
Ta-0
V-N
y
y
y
y
Cond i t 
W i 1 1 iamson 
Di ,ikstra
Beshers
Johnson
S a v i n a  et al
Table 4.
61
5. 2 u 5. Mic:rost ru.c tura 1 A s p e cts 0 f The S n oek _Re 1 a>:at ions 
The m a o n i t u d e  of the relaxation peak has been equated to the
c o n c e n t r a t i o n of i n t e r s t i t i a 1 species t hi a t r e 1 a t e t o t h e
r e 1 a x ation p ea k (D i j ks t ra 1947) .
C ^ kq " 1
equation 40
m a x i m u m  relaxation strength
co n s t a n t  for par t i c u l a r  meata 1 -~i n terst i t ial system 
co n cent rat i on
The constant K in equation 40 is not a universal constant 
for a p a r t i c u l a r  metal interstitial defect s y s t e m  but is 
a f f ected bys
1) Defec t st ruc ture
2) Subs t i t u t i on a 1 e 1emen t s
3) Brain size
4) Method of m easurement
Therefore, for a given value of co n c e n t r a t i o n  the peak height 
may d i ffer from the ideal value expected from eq u t i o n  40„ This  
may be examined by considering each of the a b ove points in 
more detail.
1) Defect structures D i s l o c a t i o n s  and s u r faces or b o u n d a r i e s  
will act as biased sinks for interstitial point defects. 
D i s 1ocat ions will tcnd to a11ract i n teratit i a 1s unt i 1 
e q u i 1 i b r i u m h a s b e e n reached, the c o n c: e n t r a t i on o f
i n terstitials at the dislocation being given by the Ettill 
Bilby relationship. Therefore, if the d i s l o c a t i o n  d e n sity is
where Q
C
6 2
changed then the Snoek relaxation will decay until a new 
e q u. i 1 i b r i u m s t a t e h a s b e © n r e a c h e d „
2) Sub s t i t u t i o n a l  elementss These behave as for case I, the 
sub s t i t u t i on a I e 1 e m © n t w i ]. 1 d i s t u r b t h e r an d om s o 1 i d so 1 u t i on 
t h a t e x i s t s b v a 1 1  r a c t i n g i n t e r s t i t i a 1 d e f e c t s t o t h e m , "i“ h i s 
n o r m a l l y  results in extra relaxation peaks being produced due
t o t h e 3. o c a 3. e n v i r o n m e n t w h i c h t h e d e f e c t e x p e r i e n c e s < s e c t i o n
'2 7„ )
3 ) Gra i n s i ze s The d epend©nce of the constan t K an g ra in size 
is well known (Aok et al 1964, Swartz 1969)« Its relationship 
with grain size may be? modelled by the HaI I - R e t c h  equation 
(A In m a d a n d S z k o p i a k 1972) „
~
i< = k  o -  k K d
equation 41
where K 0 value of !< for bound aryl ess c rys t a 1  
K y grain size dependence of K 
d ~ g r a i n d i a m e t e r 
T h i s b e hi a v i o u r w i t h q r a i n s i z e is at t r i buted to the 
d i f f u s i a n o f s o I Li t e t o b o u n d a r i e s in t h e s a m e w a y a s for-' c a s e 
1 (Ahmad and Szkopiak 1972). A second m e c h a n i s m  to consider is 
the s t ress f i e Ids of the boundarv on the st ra i n field of the 
defect (Strocchi et a 1 1966) . Here the s p h e r e  of inf ].uence of 
the b o u n d a r y  in imobilising defects:- would be small and at 
f u r t her d i s t an c es r e 1 a x at ion w o u 1 d ta ke p l a c e  i n a n on u n ifo rm 
fie 1 d p r o d u. c i n g d i f f e r e n t r e 1 a x a t i o n k i n e t i c s i.e. sat e 1 1  i t e 
peak formation,, In practice these satel 1 ites are not observed 
a n d t h e m o d e 1 i s d o u b t f u I .,
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3. 2 6  Inte r a c t i o n  O f Interst i t ials.
T h e S n o e k r e 1 a x a t i o n i s t h o u. g h t t o b e cl e p e n d e n t o n 
c o n c e n t r a. t i a n „ W i t h i n c r e a s i n g c: o n c e n t r a t i. a n i t i is
h y p o t h e s i z e d  that c 1 usteri n q of the in terst it i aI spec i es 
d e v e l o p s  producing extra relaxation p h e nomena with relaxation 
t i m e s c 1 o s e t o t h a t o f t h e sin g 1 e a t o m r e 3. a x a t ion <A h mad a n d 
G z k opiak 1970)., The maximum number of r e l a x ations .observed is 
three indicating that clust e r s  greater than three atoms do not 
u n d e r g o r e 1 a x a t i o n . T h e e f f e c t o n t h e N i t r o g e n S n o e I-:; p e a k i s 
to p r o d u c e  asymmetric broadening on the high t e m p e rature side,, 
figure 15. Until recently this had been the wide l y  acepted
v i ew (G i ba 1 a and Wert 1966a , 1966b and Tewar i and Cost J. 975 > .
However, recent work by B o r atto and R e e d — Hill 1977 and W e l l e r  
e t a 1 1981 a , b a n cl c r e p o r t is o n 1 y s i n q 3. e c r y s t a 1 r e 1 a x a t i o n
e f f e c t s  in Nfo-0 alloys., 0.6 at 7. Oxygen which is larger than
t h a t i.i is e d b y G i b a 1 a a n d W e r t 1966b. T h e s e n e w i d e a s w e r e 
d e v e 1 o p e cl f r o m a cl v a n c e s in s a m p 1 e p r e p a r a t i o n and an a 1 y s i s 
t e c h n i q u e s „ P e a k. broadening is o b s e r v e d b y W e 11 e r e t a 1 19 81 c:
b u. t it is s y m m e t r :i. c: a 3.. T h e y a 1 s o o b s e r v e a s h i f t a f T p t o 
h igh e r  values by A T p - 2.1 K„ These effects have also been 
o b s e r v e d  by Marx et a.l 1955, indeed, r eexamination of the data 
of P o w e r s  and Doy 1 e , f igure 15, wou 1 d appear to conf i rm thei r 
observations. These results would seem to be at odds with the 
a c: c e p t e d v i e w o f c: 3. u s t e r i n g p r i o r t o p r e c: i p i t a t i  a n a n d t hi e y 
p r o p o s e  that thie i n terac t :i. on i s of a r e p u .1 s :i. ve natu r e  as at 
p r e l u d e  to a more ordered s t r ucture (Hortz 1979)„
01o
Figure
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15. Normalised Internal Friction Peaks On Tantalum Specimen
Doped By Various Amounts Of Nitrogen,
5.2.7. Substitutional Interstitial Interactions.
The introduction of substitutional e l e m e n t s  affects the 
random d i s t r i b u t i o n  of interstitial e l e m e n t s  and will 
therefore di r e c t l y  affect the Snoek peak. From the studies so 
far p e r f ormed on a number of (Metal - Substitutional
Interstitial) s y s t e m s  the interaction is a mi x t u r e  of size 
effect and chemical interaction CHasson and Arsenault 1972, 
Szkopiak 1971, Szkopiak and Smith 1975, E n r i e t t o  1962, Wu and 
Che n 1981, H e u 1 i n 197 9, 8 hi kama e t aI 1977). It i s t hese two
factors that are responsible for the a p p e a r a n c e  of the Snoek 
relaxation of the tetragonal defect in the crystal of high 
sy m m e t r y  FCC and HCP. The influence of size effect has been 
most e f f e c t i v e l y  investigated by Szkopiak and Smith 1975. The 
c h e m i c a 1 c o n t r i b u t i o n is o f i in id o  r t a n c e , h o w e v e r , when t h e f r e e 
e n e r g y o f f o r m a t i o n o f o x i d e s o r nit i" i d e s o f t h e 
s u b s t i t u t i o n a 1 e I e m e n t i s h i g ii a s w i t h T i t a n i u m , A 1 u m i n i u m a n d 
Beri Ilium (Mu and Chan 1981, . Szkop iak and Smith 1975), Indeed,, 
i t h a s bee n s h o w n t h a t t h e s c a v e n g :i. n g e f f e c t o f T i t a n i u m i s 
strong enough to c o m p letely remove both the M-S--I peak and the 
Snoek peak when the ratio of N / Ti < 1* this indicates very 
strong binding energies.
Re o r i e n t a t i o n  of the tetragonal defect (i n t e r s t i t i a 1 
a t o m ) i n t h e p r e s e n c e o f a s u b s t i t u t i o n a 1 a t o m c a n b e b y t h e 
r e o r i e ntation of nearest neighbour (nn) to the next nearest 
n e i g h b o u r  (nnn) sites, < 1 '1 0 > orthorhomb i & or < 1 0 0 > monoclinic 
nn nnn etc depending on the range of influence of the 
substitutional element, figure 16. A s e r i e s  of relaxation 
rates result from the migration of a defect between these
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Figure 16. Reorientation of defect round a substitutional atom
showing jump rates and free energy curves.
1975 and Chang 1964 for two important cases.. One case is where  
t h e n e a r e s t n e i q h b o li r (n n ) d e f e c t s a r e t i q h 1 1 y b o u n d a s f o r 
c h e m i c a ]. intoraction and the other is when the n e t  nearest 
n e i g h b o u r  (nnn) defects are tightly bound as is the case? fOr­
el astic size effects.
1 ) nn pa i r t i g h 1 1 y b oun d (c h e m i c a 1 )»
This caste may be pictured as that in figure 16 w h ere the
t> 3 jump rate is the largest and vx the smallest with all the
o t h e r s  being in termed i ate. The re 1 axat j.on rates corr e s p o n d  inq 
t o t h i s a r e g i v e n b y e q u a t i o n s 4 2 , 4- 3, 4- 4- (N o w i c k ) .
F“ a s t t , j.. v 3
equation 42
Inter m e d i a t e  t x“' ~ vs + 9/2 u,
equation 43
Slow t ^ s 3 vz
equation 44
T h e o r d e r o f t hi e s e r e 1 a x a t i o n s w i t h r e s p e c t t o t h e? S n o e k
relaxation t s is t , > t s ~ ta ' > T j 1 and c o n s e q u e n t l y  a
s e r i e s  of p.)eaks will be f ormed with thei r peak t e m p e r a t u r e s  in 
the same sequence.
2 ) nnn pair tightly bound (size e f f e c t ) „
This case will arise when the sub s t i t u t i o n a l  atom is 
larger than the solute atoms- The free e n ergy curves for the 
jump rates in figure 16 for case 1 are changed so that the 
j u m p r a t e s v x a n d v 3 a r e 1 a r g e and and vA a r e s m a 11» 14 o w i c k
1975 g i vesi- t he f o 13. ow i ng exp ress i on f or thie re 1 ax a t i on ra t es s
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t "' is 4 v x
equat i on
T ’’ K V ^
eq uati on
t ~‘ k 3/2 (u* + v*)
equati on
Again, as tor case 1, the sequence of r e l a xation r
— \ „ i — \
yields r \ .> t s ~ t x > t 3 and consequently the
temperatures f a 11 in the same order as case :i „
1" h e p e a k d u. ea t o t h e r e 1 a x a t i o n s o f t h e n n o r n n n d e f 
for c::a.se 1 and case 2  become interchangeable and the e 
de t e m  i na t i on as to the def ee t type of a part i c 
s u. b s t i t u t i o n a l-inte r s t i t i a 1 p e a k beco m e s d i f f i c u 1 1
3.2.8. Intrinsic Point Defect R e l a x a t ions In BCC Metals.,_
T he crea tion and aq greg a tion of i n t ri nsi c d e f ect s , 
i n t e r s t :i. t i a 1 s a n d v a c a n c i e s b y ion i r r a d i a t i o n h a s 
covered in section 2, Their behaviour with respect to a st 
f ie 1 d has been q i ven by lvioser 1977, table 5, Frorn tab 1 e 
c a n b e s e e n t h a t f o r a s i n g I e d e f e c t t o u n d e r g o r e 3. a x a 
then it must be in the presence of a field qradien 
aggregated to form a cluster. The relaxation of these def 
gives relaxation peaks in the low t e m p erature portion 
m a t e r i a 1 s :i. n t e r n a 1 f r i c t i o n s p e c t r u m » A 1 1  h o u g h m a n y 
tern p e r a t u r e r e I a x a t i o n p e a k s a r e k n o w n , i t i s cl i f f i c u j. t t o 
a relaxation m e c h a n i s m  to one particular peak. This diffic 
arises from the c omplexity that can develop in cluster  
i n t r i n s i c d e f e c t s m a k i n g a q u a n t i t a t i v e d e s c r i d t i o n o f
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e c t s 
x at: t 
u 1 a r
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5 it 
t i on 
t o r 
ec t s 
o f a 
1 ow 
p u t 
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S 0 1'
rel a x a t i o n  event impossible. The b e h a v i o u r  of the low 
t e m p e r a t u r e p e a k s f o r N i o b i u rn w i 3.1 b e f u r t h e r d i s c u s s e d i n 
sec t ion 3 « Z . 8«
Defect 
8 » .i.
V
111 crowd ion 
110 split I
Moser 1977 
g r a dient i.e.. needs a
3■3■ P i s 1oc a t i on R e 1a x a t ion s .
T h e 13 C C t r a n s i t i o n a n d n o n t r a n s i t i o n m e t a 1 s s h o w s i x i n t e r n a I 
•f r i c t i o n p> e a k s a 11 r i b u. t e d t o e i t hi e r e x t r i n s i c o r i n t r :i. n s i c 
d i s I o c. a t i o n r e 1 a x a t i o n e f f e c t s . 0 r i g i n a 11 y t h e s e pi e a k s w e r e 
termed cold worked peaks (Chambers 1966) in that they we?re 
o n 1 v o b si e r v e cl a f t e r 1 a r g e a m o u n t s o f f r e e d i s 3. o c a t i o n s h a cl 
b e e n p r o d u c e d b y c o I d w o r k » D u e t o t h e 1 a r g e i n t e r' a c t :i. o ri 
b e t w e e n i n t e r s t i t i a 1 s o 1 u. t e s a n d d i s 1 o c a t i o n s i n t h i e B C C 
meta l s  it was thought that these peaks involved extrinsic 
d i s 1 o c a t i o ri r e 1 a x a t i o n s « H o w e v e r . a d v a. n c e s i n s p e c i m e n 
p r e p a r a t i o n a n cl p u r i t y if a v e e n a b 1 e d t h e i n t r i n s i c a n d 
e xt r i n s i c  relaxation phenomena to be separated. The c; and &  
relaxation peaks are now recognised as intrinsic: dislocation 
e f f e c t s  and the true cold worked peaks are the S n o e k - K o s t e r  
p e a k S' i n v o 3. v i n g t h e i n t e r a.c t i o n o f d i s 1 o c a t i o n s e g m e n t s w i t h
Table 5.
* n o r e 1 a x a t i o n e x c e p t i n a f i e 1 d 
d i s 1 o c a t i o n o r s o 3. u t e a t o m
Relaxat ior
V
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interstitial atoms C, D, N, (Snoek 1941, Koster et al 1954),= 
□ne other set of peakss, the /3 peaks, are at present a t t r ibuted 
to disl o c a t i o n  intrinsic point deter t interact ion
T h e s e p e a k s m a y b e c 1 a s s i f i e d i n t o f o u r t e m p e r a t u. r e 
i-eq ions in ac:cordance wi th the dom inan t- re 1 axat i an f or that 
pa rt i c u. ]. ar reg i on „
The <x region 
The $ region 
The region
The S n o e k - K o s t e r (S K ) r e g i o n
(o r c. o 1 d w o r k e d )
5 OK 
150K- 
300K 
400K-
->25 Ok 
■>300k
-> oOOk 
> 650k
A 3. thoughi severa 1 thea r i es ex i st to dese r i be thie observed 
d i s 1 o c a t i o n r e 1 a x a t i o n s a n d t hi e i r b e h a v i o u. r r e g a r d i n g c h a n q e s 
in microstructural state, the two theories that have gained 
w i d e s p r e a d s u. p p o r t a r e t h o s e o f S c hi o e k 1963* a n d o f S e e g e r 
1956. 1966.
S c h o e k s T h e o r y *
S c h o e k t r e a t s t h e d i s 1 o c: a t i o n a s a v i b r a t i n g s t r i n g a n d 
a s s u c h i t c: a n b e d e s c r i b e d b y a s e c o n d o r d e r p a r t i a 1 
differ en t i a 1 eq ua t i on u.s i ng New t on :i. an d y nam i c s (Koeh 1 er 1952, 
G r a n a t o a n d L. u. c. k e 1956) s
(A£2y)/(St2) + (B£y)/(£t) - ( y ) / ( ) = cy bexp C iarfc >
equation 48
7 1
where b modulus of the burger vector
e a Hi p 1 i t u d e of a p p 1 i e d s h e a r s t r e s s
frequency
y ( z , t ) = diep 1 acemen t of an e 1 ernen t of d i s 1 oc:a t i on as a
f u.nc t ion of t irne t and coord inate z a. 1 ong the d is 1 ocat i on
1 ine.
This si tuat ion may be represenf ed by figure 17. The 
consta.n ts A , B and C ref er to the d is 1 oca.t i on mass, the 
d a mping and the disl o c a t i o n  line tension per unit length- As a 
d e s c r i p t i o n  of the d islocation is required in the sub resonant
r e g i o n t h e first t e i - m , A £ 2 y /£ t2 , may b e s u pres sed a s a t 1ow
•frequencies it b e comes neg 1 igib 1 e »
The standard solution to equation 48 (Lenz and Lucke 
1975) is given by a simple Debye relaxation (Thompson and Pare
1966)
(A0)7 ) / C l +O)2 t 2 )
eonation 4
w hi e r e t h e r e 1 a x a t i o n s t r e n g t h, A ~~ ( h b - A 1 2 ) / 10 C
eonation 50
a n d t h e r e 1 a x a t i o n t i m e , t (Bl2 )/IOC
equation bl
G ~ shear modulus
1 = distance between dislocation node
B ~ damping constant
C ~ line tension
A total d islocation length /unit v o l u m e  locked by
solute
'(
e
x
p
^
-Z
jZ
w
T
V
C
l^
rf
z 
)] 
dZ
Figure 17. Displacement y of a dislocation of length z under etrees.
2
-4
0
5
0
5
Figure IB. Solution of Schoeks in te g ra l.
The re? lax at ion strength is essentially the area, swept out 
by the mov ing d is 1 oca.t ion and the tota 1 in terna 1 f r i ct i on wi 11 
t h e r e f o r e b e r e late d t o t h e 1 e? n g t hi o f t h e d i s 1 o c a. t i o n s e g m e n t s 
a n d t h e i r o r i e n t a t i on to t h e she a r s t r e s s A  s s u. m i n g an 
e k p o n e n t i a 1 d i s t r i b u t i o n o f d i s 1 o c a t i o n s e g m e n t s a n o r m a ]. i s e d 
loop length 15(1) can be defined.
■p < 1) = e x p (~ 1 /1 0 )
e q u a t i o n  52
where 10 - A / N
N = number of loops with average length 1
T h e d i s 1 o c a t i o n 1 e n g t hi / u n i t v o 1 u m e i eh- t hi u s
eo
A " J p < 1) 1 d 1
o
equ a t i o n  53
and the interna 1 f r ic.t ion is now g i ven by
Q ~ (Q. A 1^ Gb 2 ) / :!. DC (WTp ( z ) zs ) / (1 t 1 zA) d z
e q u a t i o n  54
w h e r e ft =: o r i e n t a t i o n f a. c: t o r 
z = - ]. / 3.n
The integral in 54 has been evaluated (Gchoek 1963) and gives 
a max i mum at c o t -■ 0. 0 7 figure 1G „
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If the dislocations have an atmosphere of in terst i t :i. al 
s o 1 u. t e s t h e n t h e v e I o c i t y o f the d i s 1 o c: a t i o n w i 11 h e r e t a r d e d . 
S i n c e a t t h e 1 o w s t r e s s e s o f i n t e r n a 1 f r :i. c t i o n t h e 
dislocations cannot escape their atmosphere and thus drag it 
along with them., the velocity in this case will be given by 
t hi e E i n s t e i n e q u. a t i o n
V CDc\) / (k 'D obAl
equation 55
w h e !•-• e D d. d i f f u s i o n c o e f f i c i e n t o f sol u t e n e a r t h e
d i s I oc at i on core 
eb A 1 ” t h e a p p 1 i e d f o r c e o f t hi e sol u t e a toms a d i s t a n c e
Al apa r-1
This equation will be valid when the dislocation moves
d i s t a n c e s w h i c h a r e 1 a r g e c o m parked t o b and t h e a t m o s p h e r e i s
d i 1 u t e . I n t h i s i n s t a n c e t h e r a d i u s R r o u n d t h e d i s I o c a t i o n
which is affected is the radius where the binding energy of
t he s o 1u t e , E t > k T , the t he rma1 en erg y „
S i n c e
E ; “ (Ab ) / (k T )
equation 56
then
A' =-: E; when R b
R = (Ab ) / (k T )
equation 5
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A n e □ r e s s i o n f o r B n o w r e s u Its f r □ m 0  g u a t i o n 5 5
B = (tcR2 C^kT) / Cb* Djl)
s a n a t i o n  58
The subst i t u t i o n  of 57 and 58 into 51 gives the e x p r e s s i o n  for 
t h e r e 1 a x a t i o n t i m e f o r d i 3. u t e a t m o s p h e r e s
t -- < arc A 2 C ^  I 0 *■ ) / (b k'TD )
e a u a t i o n  59
Here the line tens non C — G b 2 /o(
F'or d i 3. ute a t m o s p h e r e s  wher e Bo 3. t zmann stat i st i cs are 
obeyed the c o n cent r a t i o n C ^  w i 13. b e q i v e n b y t h e C o 11 r e 1 I 
B i 13. b y r e 1 a t i o n s h i p , 6  0»
C i = C 0  exp (--G 6 /k T )
and t h e d i f f u. s i o n c o e f i: i c i e n t D ^
D i  = D 0 e>;p (-H /k 1")
e q u a t i o n  60
e q u a t i o n  61
w h e r e H ~ m i q r a t i o n e n t h a 1 p y f o r t h e j u m p o f s o 1 u t e a t o rn ■:
c 1 ose to thie\d is 1 ocat ion core. Th is is the 1 at era I d i f f usion o •
i n t e r s 1 3. t i a 1 s w i t h t h e d i s I o c a t i o n
/ 6j
3. 5 u » E f f e c t 0 f C o n c e n t r a t i o n Q n S c h o e k s M o d e 1 „
A 1 1 hou.gh equa t i on 54 does not exp 1 i c i ty q i ve the
v ariation of Q ' max with C^ ,, the peak height is expected to 
increase linearly with c o ncentration as the internal friction 
is d e p e n d e n t  on the number of d i s l o c a t i o n s  dragging an 
a t m o s p h e r e „ W h e n s a t u r a t i o n o f t hi e d i s 1 o c a t i o n s o c c u r t h e p e a k 
h e i q h t w i 1 1  t h e n b e c o m e a s y m t o t i c and u n d e r t h e s e c o n d i t i o n s 
the p o s t u 1 ates made break down « The concen t ration on the
d i s 1 oca t ion no 1 onger fall, ows Bo 1 1  zmann stat i st i c s ,
F erm i - D i r a c  s t a t i s t i c s  becoming a better a p p r o x i m a t i o n  (Schoek 
1 982)„
At high cDncentrations; the string model and the Einstein 
equation are invalid as the dislocation moves over dis t a n c e s 
which are small compared to b * in this instance the relaxation 
results from a Snoek type ordering in the d i s l o c a t i o n  
a t m o s p h e r e  near the core (Schoek 1963, 1982)„
In this case E ~ 1 „5b and equat ion 59 b e c o m e s
t«l = « iC6.lo kT / D ^ B b 3  )
equation 62
From e q u a t i o n s  59 and 62 it is seen that t is t e m p e r a t u r e  
dependent; through C<l and equations 60 and 61. Close to the?
core Schoek 1982 proposes that l-l^ > H where H ^  =: ent h a l p y  of
m i g r a t i o n i n ]. a 11 i c e . T h i s i s p r i n c j. p a 11 y d u e t o a d i s t o r t i o n
0 f t h e 1 a 1 1  i c e s i t e s r o u n d t h e d i s 1 o c a t ion p r o d u c i n g a n
1 r 1 1 e r f e r e n c e w i t h t h e d e f e c t s t e t r a g o n a 1 s y m met r y „ H ^  b e i n g 
given by
77
H i = + p Q 6
e q u ation 63
From Cochardt and Schoek B 1.5 for screw dislocations, and 
for-' e d q e d i s 1 o c a t i o n s i3 = 0 „ &.
F u r t h e r i n c r e a s e in c o ncen t r a t i o n 1 e ads t o p r ecip i t a t e 
fo r mation on the d i s l o c a t i o n s  and a d e c rease in loop) length, 
the peak height is then reduced Since, from 54
Q = (fA I2 6 b 2 / 1 OC > 0 0 7
e q u a t i o n  64
^ rnojc. O “
e q u a t i o n  65
T h e r e 1 a x a t i o n t i m e i s a s s u m e d t o be t hi a t o f t h e 
sat u ra t ed e a s e „
5.3.5. I n c r e a s e 1 n D i s 1 o c a t i o n D e n s i t y .
F:‘roduc ing an increase in d is 1 ocat ion densi ty i-esu 11s i n
-i
a n i n c r e a s e i n Q (C = const) f r o m e q u a t ion 5 4 a n d a n 
i ncrease in 1 0 » (For the re 1 axat ion t irne increasing 1 0  g i ves 
the c o n d i t i o n  given by equation 65).
1 0 2 Tp e x p C 0  ^ / k I") ~ c: o n s t
e q u a t i o n  6 6
(.0)7 = 1 )  for peak t  ~  const
and the r e f o r e  as A increases Tp increases,.
3„ 5„ 4. Discussion 0 f Scinoeks 11 ode 1.,
Shoeks model describes the relaxation of free dislocations and 
d i s 1 oc a t i o n s p o s s e s s i n q a n a t m o s p h e r e o f s o 1 u t e a t o m s „ T h e 
mode 1 has toeen successfu. 11 y app 1 ied to many experimenta 1 
results but it does not make any attempt to describe the type
0 f d i s 1 o c a t i o n i n v o 1 v e d i n t h e r e 1 a x a t i o n p i•- o c e s s „ T h e m o d e 1 
a 1 s o e o n t a i n s w e a k nesses w i t h r e g a r d t □ it s 1r e a t m e n t o f t h e 
cold worked peaks, mainly originating from the breakdown of 
e q u. a t i o n 5 5 a n d t h e .j u s t i f i c a t i o n f o r H i  i n e q u a t i o n 6 3.
1 n d e e d , t h e o c c u r r e n c e o f a o o 1 d w o r k e d p e a k w i i t h H y d r o q e ri i n 
<x--Fe brings into question the tetragonal symmetry argument
t h a t e q u a t ion 63 is b a s e d o n b u. t S h o e k w a s force d i ri to t h i s 
hiypothesis f rom the d i f f erence in the en tha.3.p ies of thie Bnoek 
and Snoek-Koster peaks,.
S K  (TV.
H - H s 0.5 eV
equation 67
The value of 0.5 ev is approximately equal to the binding 
e n e r q v o f the i n t e r s t i t i a 1 t o t h e ci i s 3. o c a t i o n .
T h e d i f f i c u 11 i e s w i t h , e q u a. t i o n 6 3 „ an d the i n a b i lit y 
t o d e s c r i b e the t y p e o f d i s 1 o c a t i o n involved i n t h e r e 1 a x a t i o n 
p ro c e s s has b e en re s o 1ved b y Se eq e r 1979a , 1979b, 1982, b y
r e c o n side r i n g t h e b a. s i c m e c h a ri i s m o f cJ i s 1 o c a t i o n r e 1 a x a t i o ri s .
7 9
•5» £« w»«_____  I heory Of_6 e 0 q 0 r,_
S e e q e r  cons i d e 1•  s the d i s 1 o c a t i 0 n r 0 1 axat i 0 n 0  1 0  ar i s 0
from the formation af kink pairs on a dislocation,, figure 19,
a n d t h e i r f o r m a t i o n a n d m i q r a t i o n t o to e a f u n c t i o n o i: 
d i s 1 o c a t i o n t y p 0  a n d m i c r o s t r u. c t u. r a 1 s t a t e .
Lisinq the same description of the disl o c a t i o n  as used in 
t hi e S c h o e k t h e o r y e q u. a t i o n 4 8 t h 0  r 0 1 a t :i. o n s h i p f o r Q ' :i. s.
again r e p r oduced as both thoeries rely upon the area swept out 
by the dislocation, the e x a c t  m ec h a n i s m  being immaterial to 
t h e final re 5  u 11 . S 0 eg 0  rs theory d i v 0  rg es f rom Schoek 1 n i ts 
f o r m a l i s m  of the relaxation time as for this a d e s c r i p t i o n  of 
the u n d e r l y i n g  m e c h a n i s m  is required.
I f a d i s 1 o c a t i o n 1 i 0  s i n a P e i 0  r 1 s v a 11 0  y t h e v 0 1 o c i t y 
V (L > o f i. t s m o v e m e n t p e r p e n d i c u 1 a r t o its 1 i n 0  b y s u c c e s s i v e 
f or m a t i o n  of kink pairs depends on the height of the kinks 
(p e r i o d o f t h e P e i e r 1 s p o t e n t i a 1) „ t h e k i n k p a i r f o r m a t i o n 
rate and the d i s tance by which two m e mbers of a kink pair- 
s e p a r a t e  befo r e  they cease to move,, From Seeq e r  1982 the 
e q u a t i o n o f v < L ) i s g i v e n b y e q u a t i o n 6 '7,
V (L ) = a u < Xk 2 ) / < X vc. +L )
equat i o n  67
w h e r e  X *. = separat ion of k inks before ann ih i 1at ion with o t hers 
a - per i od of F'e i er 1 s po t en t i a 1 
U = kink generation rate 
If X K L then
9  ~  a (2  p. v. a b c  j. .1 >l/i
equation 68
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T h 0  r 0 1 a x a t i o n t i in e m a y b 0  o b t a i n e d b y 1 n t e q r a t i n q t h 0
total d i sp 1 a c e m 0 n ts for d i s 1 o c at ions of 3.0 nq th L ;
t = t < L ) — ^ d u / v' (I../ ) = (b >jL / a jiC) (1 L_ / 2 X ^ )
O
equation 69
With the low stress conditions, enco u n t e r e d  by internal 
f r iction 0 xper imen ts th 0  0 qui 1 ibr ium densi ty of k inks is
m a i n t a i n e d  X = (p^" )' and H v>p» KT then eq u a t i o n  69 can be 
written to give the relaxation time a s s o c i a t e d  with the 
f ormat i on a f ki n k pa i rs (S e e q e r  1980)»
t  =  (K T / (p ^  ) 2 D k ) < L / 2 a 2 C ) ( 1 + p ^  L )
e q u ation 70
where
p ^  = 1 / W k. (2 rt H K / K T ),x e p (-- H K / K T) a n d W K " 2 a2 C / H k
eq u a t i o n  71
The treatment thus far is a p p l icable to pure c r y s t a l s  or solid 
s o 3. u t i o n s a n d c a n t h e r e f o r e b 0  u s e cl t o d e s c r i b e f r e e 
d i s 1 o c a t i o n e f f e? c t s a n d d i s 3. o c a t i o n s o 1 u t e e f fee t s « The 
d e p e n d e n c e  of t on co n c e n t r a t i o n  and therefore the i n f l uence 
on peak t e m p erature is contained in the kink d i f f u s i v i t y  D K of 
equation 70.
F a 1 - p ur e c ry s t a 1s (n o a t m os ph ere on the d i s 1 oca ti on s ) t h e 
kink diffusivity, by a n a logy to d i f f usion theory, can be 
written as equation 72.
p>
m
D *  = e>Jpt“H K /kT)
equation 72
where
a ^  = p o s i t i o n o f s a d d 1 e p o i n t w i t h r e s p e c t t o d i e 1 o c a t i a n 
v o ~ v j \3 a t ;l q n f r e q u e ri c y o f t h e k i n k i n i t s s t a b I e p o s :i. t i o n 
H ^  e n t h a 1 p y o f l< i n k m i q r a t i o n
For a e o l i d  solution the interstitial atoms exert a 
d r a q g i n g f o r c e on t h e m i g r a ting k i n k p r o p o r t i o n a 1 to it s
velocity, the concent rat ion of interstitials in its
atmosphere, C^. ? and the shape strain of the interstitials,
(X,™Xt) « The kink dif fusivi ty is now given by equat ion 7 3 .
D k c< e x p [>• <H™-iTi™ > / k T' li / C ^
e q u ation 73
The relaxation rate t , equation 70, can be measured using
i n t e r n a 1 f r i c t i o n w h i c h d e t e r m i n e s a n e f f e c t i v e a c t i v a t i o n
enthalpy, 1-i ^ , this may be written
H ^ r~ d L n t / d (1 / k T )
equation 7/4
This is used below to relate the relaxation rate to the 
measured enthalpy,,
3» 3 , 6  „ E. f f e c t Q t C o n c e n t r a t i o n Q n S e e q e r s M o d e 1._
S €2 e g ers the>ory, as o u 1 1 i ried in the p revious sec: t ion , i s 
ab Ie to g i ve & quan t i tat i ve desc r .ip t i on of d is 1 ocat i on 
movement u n der an applied stress for the two c a ses of a
«3
d i s l o c a t i o n  with or without an attendent a t m o s p h e r e  of solu t e  
a t o m s „
1 ) N o a t m o s p h e r e o n d i s 1 o c a t i o n
I n t h i s c a s e t h e t r u e c o 1 d w o r k e d (S n o e k - l< o s t e r ) p e a k
will not be produced and any peaks given by d i s l o c a t i o n  motion 
will be due to intrinsic r e l a xations of the dislocation. For 
t h e s e t h e p e a k h eight s w ill b e p r o p o r t i o n a. 1 t o t h e
c o n c e n t r a t i o n  of the d i s l o cation giving the peak, equation 54.
The r e 1 axat ion t i me of the resuI ting p r acess w i 1 1  be given by 
e q u a t i o n s  70, 71, 72 and 74 (in the Hz range pj“^  L « i ),
By s u b s t i t u t i o n  of 7:1. into 70 the relaxation time can be 
o b t a i n e d , e q u a. t i o n 7 5,
t  =  c o n s t  ( L  ( k T > 2 e p  ( 2 H k / k T ) / D * )
e q u ation 75
In o r der to relate equat ion 75 f or the r e 1 axat i on t i me to 
t h e m e a s u red e n t h a 1 p y H ^  , e q u a t i o n 7 5 i s d i f f e r e n t i a t e d
us i n g equ.a t i on 74 „
H 2 H k + H * - 2kT
equat i o n  76
For 1 ow t e m p e r a t u r e s , which is where most d i s 1 ocat ion 
re 1 a.xat i on s o c c u r , equat i on 76 c an be s i mp 1 i f i ed as 2 k'T 
b e c o m e s s m a. 11 c:: o rn p a r e d w i t h 2 l -l K -i- H ^  t o g i v e
|-[ 2 H K H" H ^
e q u a t i o n  77
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2) A t m o s p h e r e  s u r r o u n d i n g  dislocation
For this case, with an atmosphere around the dislocation, 
the rela x a t i o n  d e s c r i b e d  above is modified from that of a pure 
r e 1 a x a t i o n „ A s c o n cent r a t i o n i n c r e a s e s f o r a f i x ed d i s I o c a t i o n 
d e n s i t y  then the same b e h a v i o u r  is observed as for Schoeks
theory. If the c o n c e n t r a t i o n  of interstitials in solution is
s m a 1 1  or i f t hey are w e a k 1 y bound t o t he d i sIoc a t i on t hen
C ^  e x p C Q / k T ) « 1 a n d t h e e q u a t i o n f o r t h e r e I a x a. t i o n t i m e c an
b e m o d i f i e d t o a c c o u n t for t h e k i n k b r e a k i n g a w a y f 1- o m t h e 
i n t e r s t i t :i. a 3. s , equa t i on 78.
t <xT2expC-C2HK + H* + q\  j /kT3
e q u a t i o n  78
c o n t a i n s  a. temperature d e p e n d e n c e  of
high co n c e n t r a t i o n s  of intsrsti t i a 1 s in 
v a l u e s  of Q 6  , C ^  b e c o m e s  t e m p e r a t u r e
can be rewritten to gives e q u a t i o n  79.
t « T 2 exp II C2H K + h J  3/kT'J
e q u a t i o n  79
This is c 1 ose to the behaviour d e s c r i b & d by Schoek 
theory. both theories predicting that the rela x a t i o n  time and 
t hi u. s p c? a k t e m p e r a t u r e w i 3.1 i n c: r e a s e for i n c r 0? a s i n g 
c o n c e n t r a t i o n o f i n t e r s tit i a 1 s o n t hi e d i s 3. ocations, e v e n t u a 3. 3. y 
b e? c: o iii i n g a s v m t o t i c a s C ^ » s a t u r a t i o n „
liquation /8
g
through Q K , at 
s o 1 u t i o n or h i g hi 
i n d e p 03 n d e n t a n d 7 8
5.3.7, D 1scussion Qf Seeoers Theory._
The prob 1 ems ar isinq f ram Shoel<s model c:oncern -j.nq thie 
d i f f u s i o n  of i n t e r stitials with the d i s l o c a t i o n  is solved her e  
a s t h e e x p r e s s i o n s f o r t hi e e n t hi a I p y o f t h e r e 1 a x a t i o n a r e 
independent of a Shoek peak being produced by an interstitial. 
B e e p e r s  theory also makes provision for intrinsic and 
e x t r i n s i c rel a x a t i on s c on c e r n i n g the t y p e o f d i s 1 oc a t i on f o r 
w h i c h H ^ c a n bt3 d e t e r m i n e d „
m
The value of H K and hi K will be different for different  
t y p e s o f d i sloe a t ions i.e. e d g e or screw. F o r t hi e B C C m e t a 1 s 
the s h o r t e s t  b u r g e r s  vector b_ is a/ 2< 111 > and the s c rew 
d i s 1 o c a t i o n s a r e t h u s p a r a 11 e 1 t o t hi e < 11 1 > a x i s . T h e
t h r e e f o 1 d s y m m e t r y o f t h e < J. 11. > ax i s a 1 s o g i v e s t hi e s c r e w
d i s l o c a t i o n  t h r e 03 f o I d s v m m e t r y , fig u r e 2 0, b v cl i s Idea t i o n i n t o 
f our par t i a 3. s « Wi thi thie app 3. i cat i on of a st revss thie 
d i s 1 o c a t ion c o r e m u s t u. n d 0? r g o m a vi o r m o d i f i c a t i o n s b e f o r e 
g l ide can commence, resulting in a high F’eierls stress. For 
0? d g e d i s 1 o c a t i o n s w i t h t hi e d i s 1 o c a t i o n 1 i n e a 1 o n g t hi e C13.0 >
p l a n e s  t h 03 cond i t i a n s o f sc: r ew a i s 3. oc a t i on s d o no  t e x i 0 31 a n d
the edge types are a b 1e to form kink pairs with greater ease.
(T h 03 s e a r e n 0 31 t r u e e d g e d i s 1 o c a t i o n s a s t h 0a d i s 1 o c a t i o n 3. i n e 
is at 71* to _b). The sit u a t i o n s  discussed above have been 
ca l c u l a t e d  for screw d islocations (Bui lough and Perrin 1968, 
Cha.ng 1967) , and edge clis 1 ocat ions (Vamaguc:hi and Vi tek 1973, 
Wu t h r i c h  1977), using computer simulations. From these, the 
k i n k f o r m a t i o n e n t h a I p y hi a s b e e n calc u 1 a t e d a 11 h o u g hi t h 03 v a 1 u e 
o b t a i n 03 d d e p e n d s s t r o n g 3. y o n t hi e i n 1 03 r a t o m i c p o 1 03 n t i a. 1 s u. s e ci „
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Figure 20. Three fold symmetry of a dislocation down the < l l i> .
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Some v a l u e s  are given in table 6  from Beeger and Wuthrich 1976 
for «-Fe as an indication of their relative values.
Kink F-ai r F o r m a 1 1 on EEnei-g ies In c<••• Fe
K
s c r e w l_-l k q 1 8
71° edge H 0.5
T a ble .
This now allows a discussion of the peaks produced by the e f fects 
of d i s 1 oca t i ons i n BCC meta 1 s .
5. 5. 8 . P e a k s  Due To D islocation Relaxations.__
As discussed, these fall into two classes:; d i s l o c a t i o n  bowing 
and d i s l o c a t i o n  bowing with an atmo s p h e r e  of point defects.
The first case covers- the o: and T r elaxations and the second 
c:overs the .6 , £ and S---K relaxations. However, for the i'3, £ and
i n s o m e c a s e s t h e S -- K r e 1 a x a t i o n s t h e e x a c t m e c. h a n i s m i s 
u n c e r t a i n a n d t h e y a r e s u b j e c t t o c o n t r o v e r s y „ 
a ) « a n cl ff- Pi s 1 o c a t i o n Re 1 ax ad; i ons ■■ 
The a and relaxations, figure 21, in the deformed BCC metals 
a.re w i de 1 y a11 r i bu.ted to i n t r i ns i c. cl i s 1 ooat i on re I a.xations by 
the format i on o f k i n k p.a i rs on the d i s 1 oc: a t i on s . I n N i ob i lafii 
these two peaks- occur at 1 1 0  K and 330 i< respectively, the 
1 o w e r t e m p e r a t u r e a p e a k d la e t o 71 " e ci g e d i s 1 o c a t i o n s »
However, due to the inaccuracy of the theoretical 
c alculations, the exact dislocation type c o r r e s p o n d i n g  to the 
peak type c:axn on 1 v be ob tained f rom s e c o n d a r y  techn i q ues such
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Nb degassed at 2300K (10"10Torr)
F(Hz)COLD-WORKED 6°/. AT 300 K
1.30
After annealing 400 K 
500K 
700K
1.25
200100 300 400 500 600 700
Figure 21 • Internal Friction And Excitation Frequency After Subsequent
Annealing Of A Cold-Worked Sample 3% at 300K.
t e m p e r a t u r e s  where screw and edge d i s l o c a t i o n s  b e c o m e
i n dep enden 1 1 y mob i 1 e « The types of d i s 1 dcat i on s rema i n i n g i n 
the samp l e  can then be related to the observed o c c u r r e n c e  of 
t h e .o=: a n d r e 1 a x a t i o n p e a !■■: s «
Having developed the peaks by producing an increased free 
d i s l o c a t i o n  density and free loop length, it may be expected 
f r o m t h e t h e o r i e s o f S e e g e r a n d S c h o e k t h a t t h e v w i 1 1 b e 
s e n s i t i v  e t o the a c c u m u 1 a t i o n o f a point d e f e c: t c 1 o u d . T h e y 
are t h e r efore a d v ersely affected by post d e f o r m a t i o n
a n n e a 1 i n q , t h e cone e n t r a t i o n o f s o 1 u. t e i n t e r s t i t i a 1 s p r o d u. c: e d 
b y h i g h e n e r g y i r r a d i a t i o n . W i t h a n n e a 1 i n □ , b o t h p e a k 
i n t e n s i t i e s a r e r e d u c e d , a 1 1  hi o u g hi t h e y s h a w d i f f e r i n g 
r e s p o n s b s w :i. th respect to thie i r s tab i 1 i ty to annea ling .. I n 
general, the lj peak is more stable than the « peak, ann e a l i n g 
out at h i g h e r  t e mperatures (Chambers 1966)„
T he reason f or the reduc t ion in peak hieigh ts i s a 1 most 
certai n 1 y due to def ect m i g rat i o n , a 1 1 hough the def ec t types 
r e m a i n o p e n t o q u e s t i o n a s a 1 a r g e p r o p o r t i o n o f t hi e w o r k h a s 
been per f o r m e d  on rather impure samples. T h e r 05 i s , h o w e v e r , no
d o u b t t h a t t hi e p r e s e n c e o f i n t e r s t i t i a 1 □ x y g e n , C a r b o n a n d
Ni t r o g e n  is sufficient to a d v e rsely affect the rela x a t i o n s  and 
it has be van observed by a number of workers that a few hundred 
ppm 0 xygen was suf f 1  c i en t to sup ress tIne a peak i n s o m b c a ses 
(Schultz et al 1979, Igata et al 1975)„ Also, as is to be 
e xpected from the differing binding e n e rgies and s o l u b i l i t i e s  
o f t h e i n t e r s t i t i a 1 s s o m e h a v e a s t r o n g e r i n f 1 u. e n c e t h a n 
o t h ers „ Ta k i t a e t a 1 .1.973 have shown t ha t 16 a t pp m N i n -a— Fe
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h a 5  a rno re p r on ouneed ef f ec: t t h an C i n reduc i n 9  r e I a xa t i on .
This is p r e s u m a b l y  due to a higher binding energy of Nitrogen 
to the dislocation. In an e x t reme case the peak is not 
p r o □ u c e d e v e n i m m e d i a t e I y a f t e r d e f a r m a t i o n i n a m a t e r i a 1 □ f 
very high interstitial impurity (Hivert et aI 1977, Perron et 
al 1978)„
I n c o n t r a s t t o t h e s t u d i e s o n t h e b e h a v 1 o u r o f t h e a a n d 
£ pea k s w i t h p 1 a s t i c deto r m a t i o n a n n e a I i n g a ri d i n t e i-"* s t i t i a '1 
i m p u r i t i e s , f e w s t u d i e s h a v e b e e n p e r f o r m e d r e g a r d i n g t h e 
i n f 1 ue n c e o f i r r ad i a t i on 0 n d e f o r me d an d u.n d e f o r rne d ma t e r i a 1 . 
I g a t a e t a 1 19 7 5 a n d e a r I i e r iv! u s s a n d T o w n s e n d 1962 h a v e s h o w n 
that t h e d i s '1 o c a t i o n p e a k s a r e r e d u. c e d i n h e :i g hi t , t hi e 
r e duct i o n b e i n g I i n e a r w i t h d o s e „ T h e r e d u c t i o n i n p e a k hi e i g h t 
f o r a f i x e d d i s 1 o c a t ion d e n s i t y i n d i c a t e s f r o m S e e g e r a n d 
S c h o e k s  theories that the loop length is being s h o rtened by 
v a c a n c i e s  and interstitials creating jogs at the dislocation. 
Ih is is to be expec ted f rom the d i sc:ussion in sec t ion 2 „ 3 2 «  
T h e r e  is also some e v i dence that the « peak can be produced by 
n° i r r a ci i a t i o n , b u. t t h i s i s a 1 s o f o u n ci t o cl e c r e a s e a s the d o s e 
is increased (Stan 1 ey and Szkop ia.k 1967) .
b ) 8 n oe k— 1<os t e r  IS-JO D i s 1 oc: a t i on / I n t e 1 -s t i t i a 1 Re 1 ax a t i on s .__
Un I i ke the simp 3. e case of d i s I ocat i on bow i ng wh ich q i ves 
the <x and £ peaks for edge and screw dislocations, the S--K 
p e a k s res u 11 i n q f r o m d islocation/i n t e r s t i t i a I r e 1 a x a t i. o n s a r e 
d u e t □ a c o m p 1 e x m e c: h a n i s m , a s g i v e n b y 8  e e q e r
I n N i o b i u m , p e a. I-: s due t o e d g e o r s c r e w cl i s 1 o c a t i o n s a n d 
i n t e r s t i t i a 1 s h a v e bee n o b s e r v e d , a 13. r e q u 1 r i n g a n i n i t i a 3. 
d e f o r m a t i o n  in order to produce them. Iqata et al 1977
observed a peak termed £ at 462 K, figure 2 2 , after 
def orma t i on of an N b 0  a 1 1  oy a t 77 K „ The b e hav i our of t h i s 
peak is s i m ilar to the « and if peaks and is very s e n s i t i v e  to 
Oxygen concentration. Its height at first increases with 
0  x y g e n c: o n c e n t r a t i o n a s e x p e e t e d < s e c: t i o n 3. 3. 2  „ ) a n d t h e n 
decreases. The d e c r e a s e  may be thought of as being due to a 
h i g h d r a g g i n g o r 1 o c k i n g f o r c e b y t h e i n t e r s t i t i a 1 s p r e v e n t i n g 
sufficient. kink g e n e r a t i o n  to be observable as a relaxation. 
The de f ormat i on at 77 K i s known t o f avour the p rodu.c t ion o f 
e d g e d i s I o c ations and t h e p e a k m a y t hi erefore be t h o u g h t o f a s 
an edge disloeat ion/Oxygen relaxation. As yet no parallel 
relaxation has been found for edge d i s i o o a t i o n / N i t r o g e n  pair.
The peaks o r i g i n a l l y  described as cold worked peaks or 
S n o e k - K o s t e r  peaks are now accepted as kink g e n e r a t i o n  on 
screw d i s l o c a t i o n s  with an atmosphere of e i t h e r  Carbon,
N i t rogen or Gx ygen. A 11 hough t hie ear I y wor k was p er f o rmecl 
wothou t :i. n ves t i gat i on i n to the type of d 1 s 1 ocat i ons p resen t , 
a J. 1 def ormat i ons were done at temperatures wh i ch a l i owed eclge 
ci i s I o c a t i o n s t o m i g r a t e a n d a n nihil ate 1 e a v i n g a p repo n ci e r e n c e
0 f s c: r e w d i s 3. o c a tior.s. S n o e k ••• l< o s t e r p e a k s f o r 0  x y g e n a n d 
Ni t rogen have been observeci in Miob ium and o t h e r  BCC meta 1 s 
< L a m o 1 1 e anci Wert 1964, Schoek and Morcl ino 1962) * one due to 
Carbon has not yet been reported in Niobum p)resumab 1 y due to
1 t s I o w s o 1 i d s t a b ill. t y . I f t h e d e f o r m a t ion i s p e r f o r m e d at a 
t e rn p e r a t u r e s u c hi t h a t 1 o n g r a n g e m i g r a t i o n o f i n t e r s t i t i a I s 
cannot occur, then aging is required in order to fully develop
t h e . p e a k w h i c h :i s u n s t a b 1 e a n cl dec a. y s w i t h r e p e a t e d 
(ri e a s u r e m e n t s , f i g u r e 2  3.
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Figure 22. The Shift Of Peak Temperature By Frequency Change.
(5% deformation at 77K)
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Figure 23* Internal Friction Peaks In A Nb-N Specimen Deformed jOfo.
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The b e h a v i o u r  of the S-K peak is therefore that expected 
f r orn the m echa n isms of dislocatio n / i n t e r s t i t i a I i n t e r a c t i o n s 
where, in the initial stages, the solute d i f f u s e s  to the free 
d i s l o c a t i o n  creating an atmosphere,. Further addition of solu.te 
s a t u r a t e s  and pinning decreases the loop length, 1 , as the 
d i s 1 ocat i ons beeome anchored at n o d e s , equation 6 4„
c ) B Relaxations._
The r e l a x a t i o n s  which are the ,(3 peaks form a family of 
p e a k s which lie bet w e e n t hi e o< a n d JT r e 3. a x a t i o n s o f t h e B C C 
t r a n sition me t a 1s » A t 1 H z t he ir p ea k t empe ra t ure s in N i ob ium 
lie be t w e e n  2 0 0 K and 2 5 OK, figure 24. The j3 peaks, as with the
«, and S K p e a k s , can b e p r o d u c e d b y c o 1 d w o r k „ A 11 h o u. g hi
cold work produ c e s  the 13 peaks it also a f f e c t s  the peak
t emp e r a t u r e s « Fo r Mo 1 y b d en um an ci N i ob i um j
t h e p e a k t e m p e r a t u. r e hi a s b e e n s h o w n t o i n c r e a s e w i t h i
inc r e a s i n g ci e q r e e o f c o 1 d w o r k (D e 13 a t i s t 1960, C h a rn b e r s a n d
B c h u 3. z 1962, F e r r o n e t a 3. 197'?) T h i s o b s e r v e d i n c i - e a s e i n 
peak t e m p e r a t u r e  may be expected from the theories of Schoek 
and Seeqer, if the peaks are dislocation in origin, (section 
3 „ 3 > n T hi e d i s 1 a c: a t i o n n a t u r e o f t hi e (3 p e a k s i n I r o n h a s b e e n
i n ves t i. gat ed by H i ver1 et a 1 1978 and 1 a ter by R .i t ch i e e t a 3.
1980 who found that with deformation at 77K or 3 0 OK a 
p r e p o n d e r e n c e  of screw or edge d i s 1 ocat ions can be produced. 
The authiors f ounc:l t hat thie temperature of def ormat i on af f ec ted 
the h e ight of the B peaks produced, some peaks being favoured 
over others, The variation of peak height with strain has been 
noted by C h a m b e r s  and Schulz 1962* here, although peak height 
increases with strain, it reaches a maximum height after which
cn
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Figure 24* Effect Of 0.3^ Strain On The /5 Peaks In Niobium _  _
Irradiated To 2#9 x 10 nvt.
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it decays, figure 25. A s i milar situation exists for the oc ; 
peak. In a latter study on Niobium it was found that the rate 
of increase in height of the j'3 peaks decreased at high e r
st a i ns bu.t an inf 1 ec t ion was not observed „
A 1 o n g w i t h s t r a i n t hi e o b s e r v e d p e a k h e i g h t hi a s a 1 s o h e e n 
found to depend on the sample purity. The strain at which the 
|3 p e a k r e a c: h e s a rn a x i m u m i s I o w e r e d w h e n i ri t e r s t i t i a I s o r 
p r e c i p i t a t e s a. r e p r e s e n t (0 hi a m b e r s a n d S c hi u 11 z 1960, 1961) .
T hi e b e h a v i o u r o f t h e B r e 1 a x a t i o ri s w i t h s t r a i n i s w e 11
understood* however, differing results have been found when
the peaks are annealed. Bruner 1960 found that the p peaks in 
N i o hi i u m d e c a y e d w i t h a q i n g , t; h e i r h e i g hi t s b e i n q r e ci u c e? ci b y 5 0 % 
a f t e I -' 2 h o u r s © 300 ° C . T hi i s i s a 1 s o t hi e c a s e f o r hi o 1 y b d e ri u m ,
(Cha.mbers and Schiu 1 1 z 1961) » A 3. s o , inc reases iri peak
temp e r a t u r e  have beer, reported during annealing followed by
rapid decay at 300*0 for Niobium, figure 26, (Ritchie et al 
1980, 197 8 , S t a n 1 e y a n d S z k o p i a. k 1967b ) „ F u r t h e r , C h a. m b e r s
1966 observed that the temp)era.ture at which the 6  peaks 
a n e a 1 e cl o u t i n T a ri t a. I u m c o u 1 ci b e i n c r e a s e d b v d o p i n g i n 
Oxygen. Only 20 ppm Oxygen was required to increase the 
t e m p e r a. t u r e o f d e c a y . I n ci e e cl, t h e a n n e a I i n g p r o c e s s i n N i o b i u m 
has been noted to proceed with an energy of 1 . 2  e V ? this is 
coris i s ten t w i thi the d i f f usion of 0 xyqen (P o w e r s  and Doy 1 e 
1959) or the diffusion of intrinsic point defexits (Peacock 
1961). Thee exact mec h a n i s m  of the? aging p r o c e s s  cannot be? 
determineci as i t couId be? ei thier ex t r insic: interst i t ia 1
i m p u r i t i e s o r :i. n t rinsic d e f e c: t s p.) r o d u c e ci d u. r i n ci t h e
d e f o r m a. t i o n d i f f u s i n q t o a ci i s .1. a c a t i o ri.
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Figure 26. Isochronal .Annealing Curves Of Specimens Irradiated To 
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H o w e v e r , it is q u ite pr o b a b l e  that both sp e c i e s  are involved 
a s a c o u p 1 e d d e f e c t f 1 u x . I f t h i s w e r e s o t h e n i. n c r e a s i n q t h e 
interstitial element content could delay the mig r a t i o n  of 
d e f e c t s »
The i3 peaks can a 3. so be produc:ed by i rrad i at i on under 
c o n d i t i o n s  where a disp l a c e m e n t  cascade is produced., The 
e f f e c t s o f n e u t r o n i r r a d i a t i o n h a s b e e n s t u d i e d b v I g a t a 19 7 3 
a n d S t a n 3. e y a n d 8  z k o p i a k .1.967b » W i t h i r rad i a. t i o n it hi a s b e e n 
f o u n ci t h a t b o t h t h e a  p e a k s and the j3 p e a k s can b e p r o d u c e d . 
Low te5 rnpera.tu.re irradiation < :L5K does not i m m e d i a t e l y  give 
the j3 peaks' they are produced after annealing in s t age one of 
of the recovery of resi s t i v i t y  Clgata et al 1974). Irradiating 
at higher temperatures, 338K, produces o b s e r v a b l e  j3 peaks 
wh i ch are f urther deve 1 oped on a.g ing in the sta.qe three req i on 
(Stan 1 ey and Szkop i a.k 1967b) » Resu. 1 1 s s i mi 1 a.r to those of 
I gat a. have been obtained, by R i tchie et a I 1980 on pure Iron 
electron irradiated at low temperature^ as with N i o b i u m  the j3 
peaks were developed by annealing in the stage one region.,
From these e x p e r i m e n t s  it may be seen that the |3 peaks 
r e 1 y u p o n t h e p r e s e n c e o f d i s I o c a t i to n s a n d / o r i n t r i n s i. c p o i n t 
defects. The peaks a.re only formed when the intrinsic point 
d e fects can diffuse, eith e r  clustering in the lattice or 
f orming c 3. u.sters at ci i s 3. oc:at i o n s . The f ormat i on of c I u.sters a.t 
d i s l o c a t i o n s  is the mostu.nl ike lysi nee the d i s l o c a t i o n  will act 
as a biased sink for interstitials., However, the m e c h a n i s m s  of 
t h e ]3 r e I a x a t i o n i. n t h e B C C t r a ri s :i. t i o n m e t a. Is is s t i 13. n o t 
clear. From the ev i d e n c e  two mec h a n i s m s  have been proposed:
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1) The c a t a s t r o p h i c  stress assisted thermal unpinning of 
d i s l o c a t i o  n s f r □ m c. 3. u s1 e r s o f p o i n t defec t s .
2) The s t r e s s  induced reorientation of defect c l u s t e r s  in the 
s t r e s s  field of the disl o c a t i o n  or in the free lattice.
3. 4. S u m m a r v  0 f Re 1 axat ion Phenomena._
It has been seen that simple i n terstitials that produce a 
d i s t o r t i o n i n the 1 a 1 1  i c e can g i v e a r e 1 ax a t ion p e a k t h a t i s 
u n i q u e  to a p a r t i c u l a r  defect and its position in the lattice., 
I f thie n o rma 1 random d i s t r ibut i on of defects i s af f ec ted by 
c 1 u.ster i.ng , w h e t h e r  this is due to a chiernica 1 or e 1 ast ic 
i n t e r a ctio n , t h e n a new s e t o f r e 1 a x a t i o ri c o ri d i t i o n s p r e v a i 1  
and thus new peaks are generated. For more ex t e n d e d  defects, 
i.e. d is 1 ocat ions, i t is a 3.so possib Ie to determirie wh ichi 
p a r1 i c u 1 a r d i s 1 o c a t i o n i s i n v o 3. v e d i n t h e r e 1 a x a t i o n , t h e 
n a t u r e o f i t s 1 o c; a I e ri v i r a n m e n t a n d h o w line a n d p a i n t d e f e c t s 
a r e i n t e r a c: t i n g . T h e v a r i o u s pea k s o b s e r v e d i n N i o b i u m a t a 
f r e q u e n c y o f 1 H z a r e g i v e n i n t a b 1 e 7 t o g e t h e r w 1 1 h t h e .i. r 
temperatures, m e c h a n i s m s  and a c t i vation energies.
The ab i l i t y  of the internal friction tec h n i q u e  to “see" 
the d e f ect s from thei r e 1 as t i c d i s t or ti on s ma k e s it a use f u 1  
t e c h n i q u e  for investigating dynamic i n t e r actions of de f e c t s 
and its s e n s i t i v i t y  enables small changes in a m a t e r i a l s  
defect s t r u c t u r e  to be e x a m i n e d „
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4. F‘re 1 i m i n ary Exp er i men t s .__
Pr i o r  to thie main s 0 1  of 0 xp 0 ri m 0 nts u s i n 9  th 0  t□ rsion 
pe n d u l u m  d e s c ribed in section 5.3. a p r e l i m i n a r y  inves t i g a t i o n  
was c o n ducted using a Standton Redcroft DiTT'A shown in figure 
27. The e x p e r i m e n t s  were performed to give information on the 
effect of s u r face s egregation on internal friction since the 
i n t e r n a 1 f r i c t i o n i s s u b ,'i e c t t o a w e i g h t i n g f a c t o r w h i c h i s 
dep e n d e n t  on the thickness of the layer (Berry and P r i t c h e t
1901), section 3.2.2.
4 1  „ M a t e r i a 1 s A n d A p p a r a t u s .
The m a t e r i a l s  used in these e x p e r i m e n t s  were A r mco Iron 
and Iron 14.5"/. M a n g a n e s e  alloy. Coupon sa m p l e s  of these
-3
mater i a 1 s wi th a nominal si ze of th ickness 0 . 3 x 'i 0  m , wid th
-3 -3
1 0  x 1 0  m and length 1 6  x lo m were cut from cold roiled
— 6sheet and annealed at 1200K for 100 m i n utes at 9 x 10 T orr
and furnace coaled to ambient temperature.
To record t he i n t erna 1 f r i c t i on of a samp 1 e i t was 
m o u n t e d a s s h o w n i n f i g u r e 2 7 a n d c y c I i c a 11 y s t r e s s e d i n t h r e e 
p o i n t b e n d i n g . T h e s a m p 1 e d i s p I a c e m e n t a n d c o n s e q u e n 1 1 y i t s 
internal friction was determined by the d i s p l a c e m e n t  
transducer* this was a u t o g r a p h i c a 1 ly recorded as a function of 
tern p e r a t u r e I  n o r d e r t o e x a m i n e t hi e i n t e r n a 1 f r i c t i o n 
s p e c t r u m  the temperature was raised at 1.5 *C/min by the 
s u r r o u n d i n g f li r n a c e „ T h i s s u r r o u n d i n g f u r n a c e c o u I d a 1 s o b e 
c o o  1  e d  t o  b e  1  o w  r o o m  t e m p * e r a t u r e  b y  t h e  c o o  1  i n g  . j a o k e t  a s  
shown.
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All the e x p e r i m e n t s  with this a p p aratus were c o n d ucted at 
a t m o s p h e r i c p r e s s u r e u. n d e r a n A r g o n a t m o s p h e r e „ S i n c e f e r r o u. s 
m a t e r i a l s  were used in these e x p e riments attempts were made to 
suppress; their m a g n e t o  elastic damping by s aturating them with 
a m a g netic field (Summer and Ent w h i s t l e  :l.959) „ However, this 
was not feasible since a p p l i cation of a magnetic field 
r e n d e r e d t h e a p p a r a t u s i n o p e r a b 1 e „
Using the St a n d t o n  Redcroft DMTA the internal friction of
-3
these samples, S , was measured to an a c c uracy of ± 4,. S x 10
4.2. A r mco I ron (Carburised) ._
T h e A r m c o I r o n s a m p 1 e s w e r e c a r b u r i s e d u s i n q t h e 
condit i ons g i ven i n t a b 1 e S . As t he p u rpose of t hese  
e x p e r i m e n t s  was to d e t ermine the change in the Carbon Snoek 
peak after c a r b u r i s a t  ion had taken place, the? internal 
f r i c t i on of the samp 1 es was recorded bo t h bef ore and af t er
c a r b u r i s a t i o n . hi e a s u r e m e n t o f t h e c a r b u r i s e d c a s e d e p t h w a s 
m a d e b y s e c t i o n i n g the s;- a m p 1 e s and p r e p a r i n g t h e m f o r
m e t a 11 o g r a p h i c e x a m i n a t i o n . F i g la r e 2 8  s h o w s t h e c a s e d e p t hi, d ,
plotted against the change in Snoek peak height,AS, and 
■extrapolation of the curve indicates that ion imp) lan tat ion 
would give a barely det e c t a b l e  increase in peak height., 
hi a t e r i a 1 C o n d i t .i o n C a r b li r i s  a t i o n C o o  1 i n g
hi e d i u m T e m p (l<) T i rn e (s )
A r mc o I ron .A n n ea led i< r on i t e 1173 600 kJ „ Q li. e n c h
A r m c o I r o n A n n e a 1 e d i< r o n i t e 1 :i. 73 240 W . 0 la e n c h
A r rn c o I r o n A n n e a 1 e cl K r o n i t e 1173 180 U!. Q la e n c h
Armco Iron Annealed Kronite 1173 120 W . Q u e n c h
Table 8 .
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 i„on Imp lan ted I ran 1 4 5 X hianganese,,_
In Iron the Snoek peaks for Carbon and Ni t r o g e n  lie close 
together* their peak t emperatures at :l. Hz are 3 6 i:'C and 22°C 
r e s p e ctively* q u a n t i f y i n g  the change to any one of them would 
t h u s h e d i f f i c u 11 „ A n I r o n 14« 5 X hi a n g a n e s e a 1 1 o y w h i c h h a d n o 
de t ectah I e Snoek qeaks was theref ore lised to i nvest i gate the 
e f f e c t s  o f i o n i m p 1 ant a t i o n „
A f t e r j P r e P a i "•a t :i. o n | t h e s a m p I e s w e r e M i t r o g e n .i. m p I a n t e d o n
b o t h s i d e s ’ u s i n q t h e C o c k r a f t W a 11 o n a p p a r a t u s (s e c t i o n 5 „ S )
wi th thie i mp 1 an tat ion cond i t ions q i ven in tab 1 e 9 „
Na t e r iaI Cond i t i on
!-' e 14 7, iv! n i^ip o 1 i s It
Acid etch
F i q u r e 29 s h o w s t h e r e 1 a x a t i o n s p e c t r u. m dire c 1 1  y a f t e r i o n
i m p I a n t a t i o n a n d it c a n b e s e e n t h a t t h e r e a r e n o r e s o 1 v a b I e
d i f f erences, notab 1 y a Ni trogen Snoek peak has not been
p r o d u c e d b y i o n i m p I a ri t a t i o ri.
Implantation Beam C o n d i t i o n s  
Type E-Inergy Current Dos e  Temp
(k e V ) (A ) ( i o n s / c rn1 ) (l<)
+    17
M aoo a 4 x 10 4 o\
N 250 4 4 x 1 0 7 4S3
N 2 0 0  5 4 x 10° 483
N 150 6 « 6  4 x lo'7  483
+
100 10 4 x io '7
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With implantation Nitro g e n  has been introduced into the 
metal lattice and the absence of a Nitrogen Snoek peak may be 
interpreted in two ways::
1) The Nitrogen is in random solid solution but the resulting 
Snoek peak is below the level of detection of the apparatus.
2) A m a j o r i t y  of the implanted Nitrogen has been removed from 
r a n d o m s o 1 i d s o I u t i o n a n d t hi e r e f o r e c a n n o t g i v e a S n o e k 
re 1 axat i on
C o n s i d e r i n g h y p o t h e s i s 2) , i t i s e x p e c t e d t h a t N i t r o g e n 
will a s s o c i a t e  with M a n g a n e s e  atoms in the alloy g i ving a 
s u b s t i t u t i o n a 1 i n t e r s t i t i a 3. i n t e r a c t i o n T h i s i n t e r a c t i o n 
r-emoves Ni t rogen f rom ranidom so'J. id s o 3.lit ion and prociuces weak 
r e 1 a x a t i o n p e a k s (L a r g e r b e r □ 1959) , w h i c h m a y not b e
d e t e c t a b 1 e u n d e r t h e e x p e r i m e n t a 1 condi t i o n s li s e ci „ A Iso, t h e 
N i 1 1 - o g e n w i 11 b e a 1 1 r a c: t e d t o its o w n c: a s c a d e ci a m a g e p r a d u. c e d 
ci u. r i n g i m p 1 a n t a t i o n „ T h i s r a d i a t i o n ci a rn a g e w o u 1 d a 3. s o a c t a s 
n u c. 3. e a t i o n s i t e s f o r n i t r i d e p r e c i p i t a t i. o n a s t h e 
co n c e n t r a t i o n  implanted exceeds the s o l u b i l i t y  limit. For the 
do ses used here it is known that ni t r i d e  formation takes p l ace 
i n a F e , < L o n q w o r t h a n d H a r 1 1 e y 19 7 S ) \ a 3. s a , n i t r i a e f o r m a t i o n
hi a s bee n o b s e r v e d i n t h e s a m e alio y a s u s e d h e r e a n ci i m p 1 a n t e d 
to the same doses (Santry 1982). As a result of these 
o b s e r v a t i o n s  the s a mples were annealed at 500 °C for 4 h o urs 
i n an at tempt to r e d 1 st r i bute the N i t roqen outs i de the 
i mp 3. an t eci I ayer by reso 1 u t i on of t hi e n i t r i d e ph ases < I....ong wo r t h 
a n d H a r 1 1 e y :l 978) . A q a i n t h e i n t e r n a 3. f r i c t i a n s p e c t r l i  m d i ci 
n o t s hi a w a N i t r a g e n S n o e k p e a k .
1 0 9
The failure to detect a Nitrogen Snoek peak does not 
invalidate h y p o t h e s i s  2) as the Nitrogen Snoek peak may be 
below the resolution of the equipment, h y p o t h e s i s  1)., This may 
be ex p e c t e d  f rom the i n i t i a 1 work on the c a r b u r i s e d  Armc::o I ron 
where a barely d e t e c t a b l e  Snoek peak was produced. The poor 
resolution of the a p p a r a t u s  is primarily due to it h a ving been 
designed for low m o d u l u s  materials and c o n s e q u e n t l y  the 
a p p a r a t u s c o n t r i b u t e s s i g n i f i c a n 1 1 y t o t h e d a m p :i. n g » T h e 
d r i v i ng and m e a s u r e m e n t  syst ems are colip 1 ed d i rec 1 3. y t o t;he 
s a m p< 1 e a n d a J. s o act a s a f u. r t h e r s o u. r c e o f d a rn p i n g „
 Cone 1 us ion s.__
I n t e r pretation of the data in terms of e i ther a physical 
m e t a 1 1 u r g i c a 1 p hi e n o m e n a o r a “si m p 1 e a p p a r a t u s p h e n o m e n a " is
impossible,, In order to purs u e  the effects of ion i mplantation
in BCC meta l s  a model s y s t e m  and high resolution a p p a r a t u s  are 
t h e r e f o r e r e q u i r e d ,.
R e s o 3. u t i o n m a y b e i n c r e a s e d b y a fa c t o r o f t e n b y
s t r essing the sample in torsion rather than b e n d i n g  (Ino et al
1967),. Further, increases in s ensitivity may be gained bv 
p e r f orming the e x p e r i m e n t s  in a vacuum and r e m oving any 
m e c hi a n i c a 3. 1 i n k a g e s t o t h e s a rn p 1 e s , s o r e m o v i n g p a r a s i t i c:
losses to the apparatus.
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5» Ei x l..1 t^ r i ni far Pi c al ! gL-h n i q ues u_ _
5.1. M a t e r i a l .__
T D  i n v e s 1 1 gate thie i nf 1 l i ence of i on imp 1 an tat i on upon BCC 
t r a n s i t i o n m e t a 1 s , p a r1 :i. c u. 1 a r 1 y 1 r o n , N i o b 1 l i  m hi a s b e e n c h □ s e n 
as a model system. The anelastic and physical p r o p e r t i e s  of 
N i o b i u. m g i v e it c e r t a i n a d v a n t a q e s o v e r 1 r o n s
1) In c o n t r a s t  to Iron the Snoek p e aks for Carbon, Oxygen and 
N i t r o g e n i n t e r s t i t i a 1 s a r e w e 11 r e s o I v e ci „ T h e i n t r i n s i c a n d 
e x t r i n s i c d i s 1 o cation a n d d e f ect c 1 u. s t e r r e 1 a x a t ions a 1 1 lie 
w i t h i n a n e a s i 1 y a c c e s s i b I e t e m p e r a t u r e r a n g e , f r to m 8  0  !< t o 
7 5 OK at 1 Hz.
2) T hi e 1 a r q e m a q n e t o e 1 a s tic d a m p i n g o c c u. r r i n g i n I r o n i s 
s e n s i t i v e t o cold w o r k (S t li r g e s 19 6 8 ) a n d t h li s t o c h a n g e s i n 
the defect structure. This could easi l y  p r o duce a bias on 
i n t e i- n a 1 friction d a t a a n d m a k e m e a n i n g f u 1 i n t e r p r e t a t i o n o f 
the rela x a t i o n  spectra difficult. Niobium, being non magnetic, 
p r e c J. u cj e s t h e s e p r o h 3. e m s .
3) As a result of the lower d i f f u s i v i t y  of Nitrogen in Ni o b i u m
c o m p a r e d w i t h N i t r o g e n i n 1r o n , a hi .i. g hi es r f r a c t i o n o f t h e
implanted dos e  is expected to be retained (Dearnaley et al
1979) .
4) N i o b i u m  and Iron both form a range of ni tridess (Hanson 
19 £33) a l t h o u g h  the solubility of Ni t r o g e n  is high e r  in 
Niobium. Whil s t  it is known that Carbon is introduced during 
i m p 3. a n t a t ion, C a r b o n i s p ractically i n s o 1 u b  1 e a n d i t s r ole 
must be de d u c e d  from the beh a v i o u r  of the Oxygen Snoek peak 
w hi i c hi r esu. Its f r o m t hi e i n t r oduction of G x y g e n d u r i n q 
i nip 1 an t a t i on .
To avoid interactions between impurity substitutional
s o i u t e a t o m s a n d i n t e r s t i t i a 1 s (c « f . s e c t i o n 3 . 2 « 7 » ) h i g h
p u rity N i o b i u m  wire was used, :i.„e„ purity was gr e a t e r  than
five nines.
5_» 2 j, Samp 1 e P rep a rat i o n .
T h e o r i g i n a 1 w i r e o f 3 rn m d i a m e t e r w a s s w a g e d d o w n t o
0 ., 5 m m » A t a 6  0 X r e d la c t i o rr i n a r e a a n d a f t e r t h e f i n a 1
reduc t i on to 0 „5mm the wi res were annealedj the a n n e a 1 i ng
s c h e d u l e  is given in table 10, and the apparatus in figure 30..
The wire was mounted vert i c a l l y  and annealed by resi s t a n c e
-6
heat i n g u n der a vac u u m o f 1 x :L u T o r r »
During annealing the wire t e m p erature was dete r m i n e d  by a 
d i s a p> p e a r i n g f i 1 a m e n t p y r o m e t e r w h i c h h a d b e e n c a 1 i b r a ted t o
a 1 1  o w f o r t h e a d s o r p t i o n o f t hi e v a c u la m g 1 a s s .
Anneal Temp (K) T i m e  Funcf ion
1 n t e r rn e d i a t e 1373 (± 2 0) 1 R e c r y s t a 13. i s at t i o n
F i na 1 2273 (±20) 1 ■-•3 O lat gas i ng and
r e c r y s t a 1 1 i sat ion 
1373 (±20) 20-i-s 1 ow c oo 1 G r a in s tab i 1 i sat i on
Table 10.,
F o l l o w i n g  the final anneal the wires were cut into 125mm 
1 e n g t h s , t h i s b e i n g t h e o p t i rn u m s i z e f o r u s e i n b o t hi t h e 
internal friction apparatus (section 5.. 3  „ ) and the ion 
i m p 1 a n t a t i o n c h a rn b e r < s e c t i o n 5.. 8 ,. ) .
Figure 30. Vacuum Annealing Apparatus For Internal Friotion Wires.
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o r s i o n P e n d u. 3. u m .
To attain low residual system loss and high s e s n s i t i v i t y
. , . ,/N
tne internal T r i c u o n  m e a s u r e m e n t s  were made using a Ke type 
v a c u u m  torsion pendulum, (Ke 19473,. This could be fitted with 
i n t e r c h a n g e a b l e  c r y ogenic and heating stages in order to 
obtain relaxation m e a s u r e m e n t s  below and above room
t e rn p e r a t u r e , A p h o t o q r a p h o f t h e a p p a r a t u s w i t h t h e h e a t i n g
s t a q e a 11 a c h e d i s s h o w n i n f i g u r e 3 3. „
During an e x p e riment the operating v a cuum of the system 
- 5
was 1 x 3.0 forr, this was attained using a cold trap above
t h e d i f f u s i o n p u m p
The wire sample was freely suspended from the top holder, 
<figure323, with a p e n dulum bar attached to its lower end via 
a n e x t e n s i o n r o d , t h e e n d s o f t h e w i r e b e i n g c 1 a m p e d i n V 
blacks, figure 33. These are known to p r o vide a rigid mounting  
w i thout i n f 1 uenc i nq the i n ternal f r :i.c t i on of the samp 3. e
(Szkopiak 1966). The pendulum bar carrying soft iron we i g h t s  
cou 1 d be d r iven into latera 1 osc i 11 at i on by pu 3. s 3. ng of the 
e l e c t r o  magnets, lvl, the resonant frequency of - l Hz being 
d e t e r m i n e d  by the internal mass of the system,, D e t e c t i o n  of 
t h e o s c i 13. a t i o n s i e . d e g r e e o f r o t a 1 3. o n , w a s b y m e a n s o f a n 
optical lever a r r a n gement with a 2 mW HeNe laser reflected off
a m i r r o r  attached to the pendulum bar.
I n t hi e . c o u r s e o f 3. n c 1 u d 3. n g res o n a n t 3. a t e r a 3. o s c i 11 a t i o n s , 
p a r a s i t i c  longitudinal vibrations could also have been excited 
as a result of the apparatus design., To remove this a pin 
attached to the axis of rotation of the p e n d u l u m  was immersed 
i n 1 o w v a p o u r p r e s s u r e vac u u m o i J..
Figure . Internal Friction Apparatus With Heating Stage Attached.
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water cooled flange
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Figure 32. Torsion pendulum with heating stage attached
Figure 33* Internal Friction Specimen Showing V Blocks,
^^.2+.:..5/.^.:+^^//66^^B
13.7
S_u_4_» The Heating S t age._
The heating stage., figure 32, con s i s t e d  of an evacuated  
s p e c i m e n  tube surrounded by a furnaces which was cons t r u e t e d  of 
N i ch rome w i re non i nduc t i ve i y wound on a cerarn i c t u b e , the 
s u r r o u n d  being packed with v e r m i c u l i t e  for thermal i n s u l a t i o n « 
The heating rate of the furnace was given by a e u r o t h e r m
t e m p e r a t u r e  prog r a m m e r  and c o n t r o 1 1 e r , the t e m p e r a t u r e  for the 
c o n t r o 1 1 er beinq detected bv the c h r o m a 1 a 1 u m e 1 t h e r m o c o u p 1 e ,
T 1« T o d e t e r m i n e t h e s a m p 1 e t e m p e r a t u. r e a second t h e r m o c o u p 1 e ,
T 2 „ w a s u s e d w h i c h w a s p o s i t i o n e d c ]. o s e t o t h & w i r e s p e c i m e n „ 
In o r d e r  to maintain the integrity of the v a cuum during 
h e a t i n g  the specimen tube was connected to the rest of the 
a p p a r a t u s  by means of water cooled flanges, F„ This c o m p l e t e  
a s s e m b l y  could be detached at the line A-A to allow fitting of 
the cryostat.
!5B 5. The Cryostat „_
The cryostat, Figure 34, consisted of an e v a c u a t e d
speci men t ub e s la r i-oun d ed by t wo I i q u i d N i t r oq en reser vo i r s , 17 3.
and R2, and an evacuated dewar space.. As heat t r a nsfer is poor  
at low t e m p e ratures the top grip, G, fitted into a tapered
collar, C, which acted as a heat sink,,
In order to cool the specimen the dewar space was
e v a c u a t e d a n d t a n k R 3. f i 11 e d w i t h 1 i q la i d N i t r o g e n - T a n k R 2 w a s
also filled with '.Liquid Nitrogen in order to cool the d e w a r  
space.. When e quilibrium was reached the t e m p e r a t u r e  of the 
w h o I e w a s a 11 o w e d t o r i s e b y p e r m i 11 i n g t h e 3. i q u. i d N 3. t r o g e n i n
R 3. t o b o i I a w a y . T hi e r a t e o f t e m p e r a t u r e r i s e w a s c o n t r o 11 e d
Nitrogen 
reservoir R1
■Tapered collar (C) 
•Top grip (G-)Dewar space
Nitrogen 
reservoir H2
Specimen
//— ■ 
t '  A //
Figure Torsion pendulum with cryostat attached«
by the level of liquid Nitrogen in R2,, the dewar cooling and 
the dewar pressure. M a n i p u l a t i o n  of these kept the heating 
rate uni form at v 1 „ 5 eC / min ± 0 „ 5 5 C / m i n „ T e m p e r a t u r e  
m eas u r e m e n t  during an e x p e r i m e n t  was as for the h e a t i n g  stage,.
5 , 6 „ El x d e r i m e nta 3. C o n t r o 1 An d Pat a Co 11 eo tion.
Aut o m a t i c  d e v i c e s  have been reported in the l i t e rature 
(Bleasdale and Bacon 1975,, Van Essen et al 1974, R o d r i g u e s  
1982)* these do not c o m b i n e  the features of full a u t o m a t i o n  
with a c c u r a t e  m e a s u r e m e n t  of the oscillations. To e n c o m p a s s  
the o b j e c t i v e s  a Z80A m i c r o p r o c e s s o r  based c o m p u t e r  was 
designed and c o n s t r u c t e d  (Carr 1980), figure 35, The d e v i c e  
d e s c r i p t i o n  is given in Appendix A together with an ann o t a t e d  
a s s e m b l y  language programme, The experimental control and data 
c o l l ection were pe r f o r m e d  according to the p r o g r a m m e  flow 
diag ram shown i n f igure 36, Th i s p rog ramme was i n it i ated fay 
the input of three control variables; magnet pulse duration, 
max i mum amp lit ud e time and mini mum amp I :i. t ud e t i m e ,. Th e latte r 
two control v a r i a b l e s  provided a fail safe mechanism? the 
former prevented data being collected from large a m p l i t u d e s  
and the second p r e vented the a m p l itudes becoming so small that 
t hiey were unde t ec t ab 1 e so caus i ng the p rog ramme t o hang ,
The p !-■ esence and d i rec t i on of sw i ng of the 3. aser beam was 
d eterm ined by the sw i tc:h i ng sequence of the I i gh t ac t i vated 
s w i t c h e s  A, B, C, D (figure 37), and from this the instant in 
t .i m e o f t h e m a g n e t p u 1 s e c o u 1 c:i b e d e t e r m i n e d „ C o n t i n u e d 
intermittent pulsing of the magnets would e v e n t u a l l y  d r ive the 
system to i ts p r e d e t e r m i n e d  max :i.mum amp 1 i tude of o s c i l l a t  ion
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ft
Figure 35* Z80A Microprocessor Based Computer.
NOOrWKOl
*S22dS
WI*?Z fsdl
VOW38 V1SAV1VW
___
ENCAPSULATED 
POWER SUPPLY
Stock No. 591 -118
A.C. Input 210-250V  50-400Hz
D.C. Output 5V  1A
R .S . c o m p o n e n ts  lim ite d
Check a l l
variables
received
Y e s
Echo back 
variables >
Conf irm
Y e s
position
Test for
amplitude
/  Test for X  
beam to begin le f t  
v. to right sw ing^
C lear memory
Pulse magnets
Set up communication ports
Read in variable Load into memory
Prin t request for control variable N
Beam (pendulum) 
stationary
Is amplitude 
greater than 
perm itted
Measure
frequencyYes
Prin t out
Count time in terval 
for le f t  righ t swing
First \  
time for data
Yes set up
 &-----------
Now count time in terva l
for righ t le f t  swing
Store data 
in  memory
. ^ I s  number of 
readings less than 
^  to ta l required
Prin t out
Y e s m e m o r y
Figure 36. Flow Diagram Of The Experimental Control Programme
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Figure 37. Schematic Representation Of The Relationship Between 
The Pendulum And Recording Equipment.
given by the outer light ac ti vated switch ft. After the 
t e m p e r a t u r e a n cl f r e q u e n c: y w e r e r e c o r d e d t h e s y s t e rn w a s a 1 1  o w e ci 
to d e c a y  freely during which time every tenth amp l i t u d e  was 
timed, (section 5„ ?'„)=. Af ter 150 c y c l e s  the te mp e r a t u r e  and 
f r e q u e n c y  were rerecorded, the data being tran sf erred onto 
punch tape via an interface to a telet yp e and the p r o g r a m m e  
1 cj o p e d b a c k t o i n i t i a t e t h e m a q n e t p u 1 s i n g o n c e a □ a i n
5 7 „ R e c o r d 1 n q A n d A n a 1 y sis Q f D a t a .._
The speed of the m i c r o p r o c e s s o r  (4,0 MHz) allo wed  the 
time, t, to be measured to within ± 7pis, Appen di x A. An
a c c u r a t e  value of £ can theref or e be obt ained if it can be 
e x p r e s s e d  s o ley in terms of t and N, N being the n u mber of
oscillations,,
T h e o s c i 11 a t i n g p e n d u 1 u m p r o cl u c e d a 1 a t e r a 1 d i s p 1 a c e m e n t 
of the laser beam along A--X (figure 37) and this was p e r i o d i c 
i n time, f i g u r e 3 8 „
I n o r d e r to p r o c e e ci t hi e f o 11 o w x n g a s s u. rn p t i o n s w e r e rn a d e " 
d r s m a 1 1  cl a m p- i n g t hi e m o t i o n o 
a pi p r o x x m a t e cl t o s i m p 1 e In a r m o n i c m o t i o n „
2) The a m p l i t u d e  decr ea ses exp? orient ial ly with time.
F r o m a s s u m p t i o n 1 t in e d i s p I a c e m e n t , s „ a t a n y 1 1 m e , t , i s
given by?
S = A 0 8 :i.n wt.
e q u at io n 80
124
displacem ent
time (t)
Figure 38. Schematic Cf The Oscillations Of The Torsion Pendulum.
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where w = 2nf
r f reauen cy
t ( rime
A 0 “ m a ; •; 1 m u. m d i sp 1 a c e m e n t
S ” d i e- p 3. a c: e rn e n t
1 n c 1 u d :i. n g t h e condi t i d n f r o rn a s 5 u rn p t i o rn 2 t h e n e q u a t:
8 0 c a n b e r e w r i 11 e n a s
b ” A 0e bin wtj
w h e r e M = n u m b e r o f o s c i 3.3. a t i o n e.
£ = d a m p i n q c o e f f i c: x e n t 
R e a rranq i nq for t
Now from figure 38 it can be seen that
t a, - 1 1 = ( tc / w ) ” 2 1
G n s u. b b t i t u. t i o n o f 8  2  i n t o
t ^  t v - (7T / i\i) ~ (2 / w ) S i n ' ( 8  / A 0  e N ^  )
L. e 11 i n g t ~ t x. t  \ a n d r e a r r a n g i n g 8  4 g i v e s
eq u a t i o n  83
eq u a t i o n  81
eq u a t i o n  83:
e q u a t i o n  ‘d-/:
w t = ttr. 2 8 in"' (S/A„e >
i. O I" I
e q u a t i o n  85
iwhich leads to
Sin y2 (-n:--wt 3 =: S / A fte
-u<$
e q u a t i o n  Sc
With the r e l a t io ns hip Shin h (rt-wt ) =Co s (wt * / 2 3 then the 
su b s t i t u t i o n  into 8 6  and taking logs giv es
Ln Cos <w t * V 2 3 =~ Ln S / A 0  -i- N£
equatio n 87
E q u a t i o n 8  7 i s t h e e q u a t i o n o f a s t r a i g h t 1 i n e t hi e s I o p e 
of which is £» The time t can be ob tai ne d by taking the time 
i n t e r v a 1 bet w e e n s u c c: e s s i v e s w i t c h i n g s o f t h e s w i t c h e s B o r D , 
f i q li r e 3 7, i.e. t h e t i m e r e q u. i r e d f o i - t h e b e a m t o t r a v e 1 f r o m 
B — » A — A plot of Cos(wt*/23 against N is given in figure  3 { 
T h i s i s c a I c li I a t e d b y t hi e p r o g r a m m e g i v e n i n A p p e n d i x A . F o r
the da mped o s c i l lation  measured here the fre q u e n c y  is not
constant but is a function of the n u m b e r  of osc iIlat ions, N,
Therefore, since the frequency, f, e n t e r s  into equ at ion £37
through u the fre qu ency at each reading is linearly 
inte rp olated from the initial and final readings.
5„8„ Ion Implantat ion »_
The internal friction sam ples were ion implanted  using 
t h e U K A LI A H a r w e 1 1 C o c k r o f t W a I1 o n r e s e a r c h i m p 3. a n t e r s h o w n 
s c h e m a t i c a l l y  in f iqure 40. Th i s i on imp ]. an ter i able to 
p r o du ce  an energeti c ion beam of g a s eous or m e t allic elements, 
W i t h t h e a p p I i c a t i o n o f a p o t e n t i a I d i f f e r e n c e b e t w e e n 
the ion source. I, and the focusing magnets, 11, the ion bea m
Ln 
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t
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X
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127
-1 0i
SLOPE= 0
-25
30i
35i
B 8 10 12 H  16
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Figure 39* Ln (Cos wt) Against Number Of Cycles (N),
12GB
can be a c c e le rated up to a c
element al  beam at the target
f o c u. s e d b e a m i e d e f 1 e c t e d t h r o u
The s t r en gth of this m a g n e t s  f
pr o d u c e d  at the sa mple chamber,,
target the beam was scanned,, a!
c o 1 ]. i m a. t e d t o q i v e a r e c t a n g u 1 a 
, -3
/ ;•? 1 u m w i d e »
Si nc e the ions carry an e
c h a r g e  o n  t h e  e l 63c t r o n  , t h e
m e a s u r i n g  the charg e / sec (or 
t h e b a. c k p I a t e B . T h i s g i v e s 11 
total c h a r g e  the ion dose per ur 
T h e s a m p 1 e c h a m b e r i s p u m p e 
a 1 1  the i m p 1 an t a t ions we re perfc 
T o r r u D u r i n g t h e i m p 1 a n t a t i o n s 
were a l i gn ed in the ion beam as 
a u n i f o r m ci o s e o v e r t h e s a m p 1 e t 
beam and imp 1 anted over three cc 
A 1 1  t h e s a m p 1 es we re imp 1
0 r d e r t o p r e s e r v e t hi e a s i m p 1
1 m p 1 a n 1 63 d sa m p 1 6 3 s w e r e s t o r e d 
were tested in the internal fr
hosen energy. To p r o d u c e  an 
chamber. C„ the a c c e l e r a t e d  and 
gh 90 degr ees by the magne t lv!2 „ 
ield d e t e rmi ne s the at omic mass  
Finally, be fore re ach in g the 
i g n e ci h y q u a d r u p o 1 e m a g n 6 3 1 63 a n d
-3
r beam of 37 x 1 0  m length by
iectric: charg e equal to the
be aim current is obtainci by 
current) from the target T and 
e dose rate and by s u m m i n g  the 
it area of beam is given, 
ci b y a n o i 1 d i f f u s i o n pump a n ci
-5
rmecl at a p r e ss ur e of f l o  
the internal fr ic tion w i r e s
shown in f igure 41 „ To p r o d u c e  
hey were  rotated in the ion 
n 1 1  g u o u s 3 7 m m 1 e n g t h s 
anted at room t e m p e r a t u r e  and in 
anted st r u c t u r e  all the post
u n d e r 1 i q u i d M i t r o g e n u n t :i. 1 t h e y
i c t i o n a p p a r a t u s .
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Figure 40* Schematic diagram of the UKAEA Harwell Cookroft
Walton research implanter.
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]
Figure 41* Apparatus to hold and rotate an internal friction
wire during ion implantation.
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6  „ P re 1 i m  :i. n a r y  F < e s u  1 1  s »___
At p r e se nt two g r o u p s  have pu blishe d work on internal 
friction and ion implantation, Hu. et a I 1979, L y o n s  1981, and 
1 a t e r Bu 1 me r an d M i ad own i k 1984.. 7 h e f .i. r s t t wo au. t h o rs u.sed a 
vibrating reed t e c h n i q u e  to detect internal fr ictio n ch ang es  
i n i o n i m p 1 a n t e d I r o n * t h e i r r e s u. Its a r e s h o w n i n f i a l i r e 4 2 
T h e s e a u. t hi o r s a 1 1  r i b u. t e t h & c h a n g e s i n i n t e r n a 1 f r i c t i o n t o 
ch anges  in the d i s .1 oc ation st ructu re forouqh t about; by ion 
implantation, the d i s l o c a t i o n s  being pinned by d e f e c t s  and 
i n t e r s t i t i a 1 s p r o d l i c e d by N i t r o g e n i o n i m plant ati on. Fro rn t h e 
work on rxF'e (Hu. 197/9) it is now known that the s a m p l e s  were 
n o t s a t u rated wit h a ma g n e t i c f i e 1 d (Kan t 1984)* i t is 
t h e r e f o r e pi r o b a b 1  e t h a t w h a t i s r e p o r t e d i s t h e
M a q n e t o •- E 1 a s tic d a m p i n g p r o d u. c e d b y B 1 o c h w a 1 1  m o v e m e n t a s 
t i'i i s i s known t o be af f ec t;ed by the def ec t st ru.c ture (Stlirges 
1968), Further, it is known that there was no amp 1 :i. tu.de 
control to the e x p e r i m e n t s  (Kant 1984), T h e s e  s e r i o u s  
d i f f i c u 1 1  :i. e s t o t h e e x p e r i rn e n t a 1 c o n t r o 1 r e s u 1 ted i n t h e f i r s t 
t w o g r o l i p s b e i n g u n a b 1 e  t o r e p r  o d l i c  e r e s u. Its, H o w e v e r , b  y 
careful use of the torsion pendulu m tec h n i q u e  an e f f e c t i v e  
study of the e f f e c t s  of Nitro gen ion impl an tation in N i o b i u m  
could be made.
The torsion p e n d u l u m  exp er iments reported here we re- 
con due ted using the m e a s u rement methods de v e l o p e d  for this 
w o r k  wh ich are descr ibed in sect :i.on 5 ,  7 ,  To as s e s s  the 
ac cu ra cy of this meth od a direct c omparis on  was m a d e  with the 
traditional method of counting the n u m b e r  of o s c i l l a t i o n s  
between two a m p l i t u d e s  A; and A , the d e c r e m e n t  £ be in g
3  « » ■ -« »_______________ I_______________I--------------------------1
-5 0  - 2 5  0 25 50 75 100 1 2 5
temperature (°C)
—  —  —  unim planted
-------------------  a s -im p la n te d
......................  annealed
Figure 42. In ternal fr ic tio n  as a function of temperature at approx.
\ KHz for the unimplanted. N-implanted and aged (1 hour at 130 0 C)
conditions of 1018 s tee l.
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given tay equa ti on 8 8 ,.
£ = (.1. /N ) iq g e (A\ /A )
e q u ation 8 8
w h 0  r e I'm = n u m b e r o f o s c i 11 a t i o n s
A \+N = a m p 1 i tude at i ^  and M ^  a s c i 11ati ons
T he re s u 1t s of t h is comp a r i s o n a r e g i v on i n f i g u r e 4 3 a n d
show a good agreement* the use of this t e c h n i q u e  of
m e a s u r e m e n  t did not b i as the dat a in any way and t he
a s s u m p t i o n s m a d e i n t h e c o u. r s e o f t h e d e r i v a t i o n o f s e ctio n
5 7 u are t heref ore vat 1 .i d «
Two types of ex pe r i m e n t s  with the torsion p e n d u l u m  were 
investigated:;
:l.) comp a r ison o f t h e i n t e rn a I f r i c t i on sp ec t r a o f t h e samp 1 e
p r i o r t o a n d a f t e r i o n i m p I a n t a t i o n , a n d
2 ) o b s e r v a t  i on of the c h ange in £ wi th t ime at t e m p e r a t u r e , 
i,e» aging„
The re sul ts  of these e xperime nt s were subject to certain  
e x per i men t a I cond i t i o n s , name 1 vs i ) v a c u lim sys t e m , 2) hea t i ng
rate, 3) mas s  of p e n dulum  bar, 4) sa mple stability, 5) oil
dashpot, and investi gat ion of these p a r a m e t e r s  wa s first
req u i red i n o r d er t o e s t a b 1 i s h t h e o p 1 1 mu m ope ra t i n g
conditions.
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Figure 43« Comparison Of Internal Friction Values Obtained
By Two Measurement Techniques,
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6  Vacu u m  S y s tem-
The i nf 3.uence of v a cuu m on both types of 0 xp 0 1 -:i. m 0 n 1 0  i 0
shown in fig ure s 44 and 45„ In figure 44 it can bo soon that
t h 0  damp i ng doc reases 0 x p o n 0 n t i a 3.3. y wit h p r 0 s s u r 0  and b 0 c o m 0 0
a p p r o x i m a t e l y  asymt otic at 2 x 1 0 5  Torr. Figure 45 sho ws the
c h a n g e o f d a m p i n g f o r t h 0  s e c o n d t y p 0  o f 0  x p e r 1 m 0  n t a t t w o
pressures, one above the as ymt otic limit of figure 44 'and one
below., From this it may be seen that co n t a m i n a t i o n  of the
- 5sample does not occur at pre s s u r e s  at or below 1 x 10 Torr.
6j.J2n. Heatin g Rate._
Three heating rates,0.2 5 aC/min, 0.4°C/min and 0„ 75"C/m:i.n, 
were i nvest i ga10d in t rac ing out th0 0xvgen Sno0k pea k , f i gur0 
4 6. 11 w a s f o u. n d t h a t t h e h i g h e r h 0 a t :i. n g r a t e s s e r v 0 t o s h i f t
the peak to a higher temperature and also to lower and broaden 
t h 0 p 0 a k A  t t h 0 I o w e r t w o h e a t :i. n g r a 10 0 n o c h a n g e i n p 0 a k 
c o n d i t i on 0 w 0 r e ob s0 r v0 d . T h 0 ob s 0 r v a t i o n s hi 0 r e m ay b e 
par t :i. a 3.1 y d0sc r ibed by the equat i a n of a dobye r0 1 axa t i on 
(S n o 0 k p e a k ) f r o m a s a m p 1 e w i t h a line a r 10 m p 0 r a t u r e g r a d ient. 
The type of temperature gradient over the sample is taken as 
I i n e a r a 0 a f i r s t a p p r a x i m a t i o n a n d t hi e p 0 a k s h a p 0 i s 
th0ref a r0 app rox i mate 1 y dose: r i b0d by 0quat i a n 89 (Bar row and
Szkopiak 1970)„
L
£ = j" sech £1". A/ CT0  +i<x ) :3-K8>dx 
0
eq u a t i o n  89
1.35
CJ
LJJ
Q
9
PRESSURE (TORR) LOG10
Figure 44» Change Of Decrement With Pressure.
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Figure 45* Change Of N Peak Height At 278°C At Two Pressures.
w h e !’■ 0  H — lj /R 
B = Q/RT  
and 0  = act i v a t i o n  en ergy 
T —  t empe r a t li r e 
R gas cons ta nt
1< = slope of temp er ature gradient 
To ~ t e m p e r a t u r e  of coolest end of sa mple 
x = p o s i t i o n a 1 o n g s a m p 1 e 
L ~ length of sample
The sh i f t in the peak t em pe rature is a resu 1 1  of the 
t h e !•'■ m o c o u p 1 e h a v i n g a f a s t e r t h e r m a 1 r e s p o n s e t h a n t h e s a m p 1 e 
which has a themal lag due to its mass.
„ S a m pie S  tab i 1 i t y ._
In o r de r to pro vi de reliable data the s a m p l e  must be 
fully stable, i.e. p r od uc e the same rel ax ation  s p e c t r u m  for
repeated e x p e r i m e n t s  of type 1 ) and a co ns tant d e c r e m e n t  in 
e x p e r i m e n t s  of type 2). This was achie ve d by the heat 
t r e a t ment d e scri b ed in sec t i on 5. 2 „ which s e rve s t o pr od u c e a 
stable' grain str u c t u r e  and an equilibrium d i s t r i b u t i o n  of point 
d e f ec ts  betwee n so lutio n sites and d i s l o c a t i o n  sites,, The 
e f fec t s of s a m p 1 e s t a bility  a i - e sh own in f ig u re 4 7  f o r an 
e x p e r i m e n t o f t y p e 1 )  l i  sing a n u n s t a b 1 e s a m p 1 e „ T h i s s h o w s a n 
i n s t ab il ity of the Snoek peaks and the a n n e al in g out of t h e #  
peak on subseq ue nt rerunning of the spectra,.
/
a 0.25 c/min 
+ 0.40 c/min
o 0.75 c/min
34 36 38 40 42 44 46 48 50 52 54 56 
TEMPERATURE (K)
Figure 4 6»____ Variation Of Snoek Peak With Heating Rates.
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Figure 47* The Effects Of Sample Stability On The Internal
Friction Peaks Between 300 And 70CK.
1 4o
 D a s h p p t;
The c o n t r ibu ti on of the oil dashpot is that it se rv es to 
alter the total bac k g r o u n d  damping of the system, the 
v a r i at io n of damping -with depth of immersion of the ne ed l e  in 
the da sh po t is shown in figure  48. It can be seen from this 
that the damping increases  as ex pected with the depth of 
immersion. The shaded central portion is the var i a t i o n  of 
d e p t h a n d c o n s e q u e n 1 1 y to a c k g r o u n d d a m p i n g t h a t m a y b e e x p e c t e d 
t o oc cu r wi t h r e m o v a 1 an d remount i n g o f sampies.
6 .5. Con c: 1 us i on s „
From these p r e l i m i n a r y  e x p e r i m e n t s  the best e x p e r im en tal 
c o n d i t i o n s  were chosen » The sys tem was run a t an ope ra t i ng 
v a cuum  < 1 x 10 Torr as this pro du ced no o b s e r v a b l e
c: o n t a m i n a t i o n i n t y p e 1 ) o r 2 ) e x p e r i m e n t s , a n d g a v e m i n i m u m 
b a c k g r o u n d da m p i n g T he he a t i n g r a t e w a s c h o s e n t o b e 
0 . 4 "C/min as this provide d the shor test recording time for an 
e x p e r i m e n t  of type 1 ). Since the damp ing was independent  of 
the p e n d u l u m  bar mass, then any mass  could have been used 
withi n the limit of the experiment,. For the sample s t a b i l i t y  
the heat treatment described in section 5.2 has been used.
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Figure 48._______ Change in background damping with immersion
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7 „ Ijesuits,_
Zjl.JLx 1 n t e r n a 1 F r i c t i o n Bet w e e n 1 0  0  j< A n d 50 0 i<
The internal fri ct ion of ion implanted N i o b i u m  has been 
stud ied  be tw een  10OK and 300K as a function of dose and as a 
funct ion of I s o c h r o n a 1 annealino.
 Var i at i on Qf Dose,
The c o n d i t i o n s  of implantation are s u m m a r i s e d  in table
1 1 .
+ _
Dose ( N c m - 2  ) Bea m Cur rent (j.iA) beam E n e r g y  (kev)
16
1 x 10 15 150
16
3 a 10 15 150
5 x 10* 15 150
/ x iU 15 150
17
1 x 1 0  15 150
17
2 x lo lo 150
5 x 10 ‘7  15 150
Table 11.
For each impl antation condition the internal frictio n 
s p e c t i - a w e r e recorded b o t h b e f o re an d aft er Ni t rog en ion 
i m p 3.antat ion to thie doses used.
A fe atu re common to all the s p e ctra a f t e r  ion 
i mp 1 an t a t i on ¥ fig u res 49 an d 5 0 is the d eve 1 op men t of a b road- 
damping feature betwee n 180K and 280K„ In the r e m a i n d e r  of the 
s p e o t r u m t hi e r e a r e n o o t hi e r d a m p i n g feat u r e s r e s o 1 v a b 3. e o v e r 
t hi e b a c k g r o u n d damping a n d e x p e r i m e n t a I sca tt e r „
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Figure 50* Internal Friction Of ITb Implanted To 1 x 1O Ncm At 150 KeV.
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T h e b a c: k g r o u. n d d a/n p :i. n g 
damp ing cu.rves, figure 49 an
behavi a u r , th i s :i. s due to th 
p o s s i b l e  with the ne ed l e  and dasi 
F r o m t h e p o s :i. t i o n o f t i"i e d a i 
they will be referred to as • 
C h a m b e r s  and Schultz 1962, It car 
the j3 re la xation  ch an ge with 
s t r u c t u r e w h i c h i s c 1 e a r I y v i s i b ! 
labelled J31 and B % , J3 t being the 
peak,
F r o m f i g u r e 51 i t c a n b e s e t 
e x hi i h i t d i f f e r i n q b e h a v i o u r „ 
rel a x a t i o n  inc reases with increar 
these two peaks ind icates the 
peak is favou.red by iritroducing i 
a 1 so by the p roduc t i on of i nc: re 
d i s p 1 at c e m e n t e v e n t s o c c u r r i n g d u r
/ , .1., .d_« A r m e a 1 i^rho L.) i 1 Jge__„.L_ow f enjpc 
T h e i n f 1 u e n c e o f i s o c h r o r 
t emp era t u r e re 1 ax at i o n spec:: t r a
lb
for a d o s e  of 1 x 1 0  Ncm
i mp 1 an t at i on concl i t i ons wei-e as 
i m p ]. at n t e d s a m p I e s w e r e a n n e a 1 e d i 
of 150, 200, 250 and 300 °C»
fr o rn the generic sequenc:e of 
:i 50, sh ow s non co ns i s t e n t
a v a r i a t i o n j. n cl a m p i n g t h a t i s
ipot system, figure 48, 
n p i n g m a x i m a i n t h e s e s p e c t r a 
the B pea ks in a c c o r d a n c e  with 
i be seen that the fe at ures of 
dose g i vi n g a c i oub Ie p e a k
le in figur e 50, these are
e lower temp)erature r e l a xa ti on
sn that the B\ and j'3 ^  p e a k s  
The peak height of the (3X 
sing dose. The b e h a v i o u r  of 
a t t h e m e c; h a n i s m g i v i n q t h e j'3x 
a h i g h e r N i t i- o g e n c o n t e n t a n d 
easing lattice dam a g e  from the 
"• i ng i mps 1 an t a t i on ,
e r a t u e S p e c: t r a „_
i a 1 a n n e a 1 i n g o n t h e 1 o w 
is shown in figures 52 and 53.
“ 2  N i t r o g e n i o n dose, T he
» li stead in tables 1 1 , the post
:or two ho ur s at t e m p e r a t u r e s
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Figure 31. Change In/3i ,/3a. Peak Height With N Ion-Dose.
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Isochronal Annealing Of Nitrogen Implanted Niobium, 1 x jO M cm.
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The s p ec tr a for the differing impl antat ion c o n d i t i o n s  
show the same  re spons e to annealing. The j3 r e l a x a t i o n s  are 
stab 1e up to 473K and then decay rap i d 1y „ Dur ing the a n n e a 1 i ng 
se q u e n c e  for these imp la ntation  co nditio ns  no extra rela xation  
p e a k s o t hi e r t; h a n t h e |3 p e a k s c o u 1 d b e r e s o 1 v e d . A f t e r 
anne aling  at the h i gh est t e m p er ature the b a c k gr ou nd fe at ur es 
r i s e m o n o t o n i c a ]. 1 y w i t hi t e m p e r a t u r e „
As the i3 r e l a x a t i o n s  are a convolu ted series of peaks., a 
c J.earer represen tat ion of thei r b e h a viour with isochirona 1 
annealing  can be gained by determining the c h an ge  in area 
un d e I-"- t h e r e I a x a t i on p e a k s . Th i s c h an g e i n a r e a w i t hi a n n e a 1 i n g 
te m p e ra ture is shown in figure 54 illustrating that the j3 
peaks be ha ve  as d e s cr ib ed above;.
7 1 . 5  Cone 1 us ions._
Ni t rogen ion imp 1 an tat ion produ.ces the )3 re 1 axat ions in 
annealed N i o bi um  withou t pro ducing any other  low t e m p e r a t u r e  
re 1 axation p h e n o m e n a . Thie hei qht. of the j3 pe?aks is a func ti on 
of dose and of anneal ing cond i t i o n s W i t h  dose j3 1 d e c r e a s e s  
a n d j3 j. i n c r e a s e s w h i .1 s t with arms a ling t hi e i3 r e 1 a x a t i o n s a r e 
st ab le  up to 473K? the r e a f t e r  they decay rapidly.
7.2. 1n t e r n a 1 Frict io n Betwee n 30 0 K A n d 80 O K .
The internal friction spec tra of fully annea le d and ion 
i m p 1 a n t e d N i o b i u m h a s b e e n i n v e s t i g a t e d a f t e r N i 1 r o g e n i o n 
implantation.
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Figure 34* Change In Intensity Of ft Relaxation Spectra With
Isochronal Annealing,
  M i t rogen I on 1 m p 1 an t a tons- ._
F □ r tl"iese N i t r □ gen :i. on i mp 1 an t a t i on s th 0  N i ob i um w 1 r 0
samples were p r e pared as in section 5» The internal friction 
spectra. were recorded both before and after ion implantation 
and these are shown in figures 55,56 and 57. The implantation 
c o n d i t i o n s  for these spectra have been given in table Tin
These are part of a family of internal friction curves
\b P
..covering doses from 1 x lo Ncm to 5 x lo Mem ~2 ' it can be
seen that the h e i g h t s  of both the Nitrogen Snook peak at 5 5 5 K 
and the Oxygen Snoek peak at 425K are enhanced a f t e r  Nitrogen
ion implantation.. However, the delta peak at 450K is
u n a f fected by the implantation process' this is shown for 
example in figure 56 where it can be seen that the high 
t e m p e r a t u r e  side of the delta peak remains constant for both 
t h e i m p 1 a n t e d a n d u n i m p 1 a n t e d s p e c t r a . T h e r e i s a n i n c r e a s e i n
the b a c k g r o u n d  damping level which is apparent in each of the
spectra.
The c h ange of N i t rogen Snoek peak he i gh t w i t h dose i s
*
plotted in figure 58' this shows the peak height increases
17
with dose up to a critical dose of 1 x lo I'Mcrn ‘ ,. Fitter this 
dose the increase in peak height then falls as the -dose 
increases. The Oxygen Snoek peak, however, does not show the 
same behaviour, figure 59, but does show an increasing peak 
h e i g I'11 w :i. t h N i t r o g e n d o s e .
151
in
^  ^  .d-++ +
« < ? *  +  + + *
^  <
{<< * < inin
< < * *  + -i> +
..._+
: in
-'t-. < <  
-Kl <  <  
< < < <
: cd
-xf“<  <
: in 
-co
CD
CO
in
-TT
CN
00 CO CN 00 CN CD
( ? )  03Q
Figure 55* Internal Friction Spectra For N Implanted Nb Before And 
After Implantation To 3 x ^Q^^Ncm2 At 1 5 M  ^50 KeV»
EN
PE
RA
TU
RE
 
(K
)
152
M-
I
I I  I .I.1.I I l-ll I J l_.t-.l-l -t l l . U l . 1  1 1 1  I l.J i t i l  II I. I 1 I 1 I I 1 I 1 t i I 1 I 1 I I I M  I
Va
O
VO
0)
1 *  
H  O
f l
I H
^ a
d . H  
+ < 1
< 4 r^++ + +
5*++ J .
4 4 - * « f a
<< <J
SP*6*
in
©  
cs> --
!>- X
in
CD
©
CD
inin
©■in
in
'4-
©rt-
in
co
©hoo
—  . .ii |tti r |-ri-rt ]-r-rrr | n  > ij iTrr-|-n i \ \ n x n xrt r j r i-rrfi-n T-| vt it | t i i i
Z_ CO ,'t“ ( N O C O 0 ' ' f ( N Q O O 0 ' } “ ( N S iV ^ C N C N C N C N ' r — v—
in
CM
(?) oaa
Figure 56« Internal Friction Spectra For N Implanted Nb Before AncL 
After Implantation To 7 x 101^ Ncm^ At 15 M  And j 30 KeV.
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7„ 2. 2. Therma 1 Ef fects.
T h e t h e r nr i a 1 e x c li r s i c:* n r e q u. i r e d t o t r a c: e o li t t h e i n :i. t i a 1 
internal friction spect r u m  is sufficient to pr o d u c e  ch a n g e s  to 
the o b s e r v e d  damping levels,, After re-recording the internal 
friction spect r u m  it can be seen from figures 60 and 61 that 
the O x ygen peak height has again been increased w h e r e a s  the 
N i t r o g e n p e a k h a s b e e n d e c r e a s e d „ Fr o r t h e s e r e r u n e x p e r i rn e n t s 
there is a 1 so a decrease in the b ackground damping. Re p e a t e d  
t h e i" m a 1 c y c 1 i n g o f t h e N i t r o g e n S n o e k p e a k , fig u r e s 6  0 a n d 61 m 
i n d i c a t e s t h a t a 1 .1. t h e m a .j o r c h a n g e s t o t h e p e a k h e i g h t o c c u r 
a f t e r t h e f i r s t r e c o r ding o f t h e i n t e r n a 3. f r i c t i o n s p e c: 1r a
For both the initial and the repeated ^internal friction 
s p e c: t r a a t t e m p e r a t u r e s a b o v e t h e M i t r o g e n S n o e k p e a k t h e 
b a c k q r o u. n d o n 3. y s hi o w s a g r a d u a 3. i n c r e a s e w i t h t e m p e r a t li r e 
w i t h o u t  any damping feat Lire being produced.
7'2 „ 5  Conclusions.
1 ) lon :i.mp 1 an tat ion of Ni t rogen in i t ia 13.y raises the 
Oxyg e n  and Nitrogen Snoek peak heights.
2) The inc rease of the N i t rogen 3 noek peak saf;urates w j. th
n
dose at 1 x lo Norn ~2 , with the Oxygen Snoek peak s h o wing a 
t rend to inc rease w i thi dose.
3) On therma 3. cyc 1 ing the Ni t rogen peak deca y s  as the 
Oxygen peak increases. The Nitrogen peak a p pears to be s t a b l e  
a f t e r its s e c o n d rri e a s u r e m e n t „
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7.;_3» Nu.c lear R eac t :i. on Reson anc e ,
The internal friction technique gives i n f o r mation on the
crystal log raph ic location of the imp) lan ted Nitrogen,, A
t e c hi n i q u e i s t h e r e f o r e r e q u i r e d w h i c hi i s a ta 1 e t o d e t e r m i n e t h e 
c o n c e n t r a t i o n v a r i a t i o n w :i. t h d e p t h . F o r t h e N b • - N s y s t e m 
R u t h e r f a r d b a c k s c a 11 e r i n g w o u 1 d b e u n s u i t a b 1 e d u. e t o t h e s m a 11 
atomic mass of the N i t rogen with the large atomic m ass of the 
Niob iufi'i* b a c k s c a t t e r  ing is an ef f ect i ve techn iqu.e f or heavy 
n u c 1 ei- . i n a 1 i g hi t e r h o s t *
A better t e c h n i q u e  is the nuclear res o n a n c e  vSN (p , a , 
r e a c t i o n H e r e a p r o t o n o f e n e r q y S 9 8  |< e V iA! i t h a N n u. c i e u s
p r o duces a qamma ray with a resonance ener q y  of 4,43 HeV,
\sN + *H (898 k e V )  >'he + a C + $  (4.43 NeV)
The c o n c e n t r a t i o n  of lSN is given by the ^ ray y i eld as a 
higher number of ,<s N nuclei will be pro d u c i n g  ^  rays., The depth 
of the ^  ray e m i s s i o n s  is determined by the e n e r g y  of the 
incident proton beam. A proton beam e n e r g y  of 89B ksv will 
g i v e a r e s o n a n c e a t t h e s u. r f a c e w h e r e a s i n c r e a s i n g t hi e b e a rn 
e n e r g y w i 1 1  m o v e t h e r e g i o n o f r e s o n a n c e i n t o t h e m a t e r i a 1 * 
thus, the proton be)am can be used as a p r obe to d e t e r m i n e  t* 
y i e 1 d w i t h p r o t o n b e a m e n e r g y (o r c o i“i c: e n t r a t i o n w i t h d e p t hi) .,
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7.» „ 3  !iiLR.§dll.Q§(!lA§J: F‘ r o c e d u r e .
T h e C a c k r o f t hi a 11 o n I m p 1 a n t e r w a s u s e d , s e c: t i □ n 5, t o
p r o d u c e  a 'SN ion beam. A beam current of :L ip A was used* this
i s I o w e r t h a n t h e b e a m e u r r e n t f o r t; h e 1 4 N i m p 1 a n t a t i o n s d u e t o
the I ower abu.ndance of iyN . A ser i es of f 1 at samp I es were
implanted to v a r ious doses, a sequence of s a mple g e o m e t r i e s
w e r e a 1 s o i m p 1 a n t e d . T hi e i m p 1 a n t a t i o n c o n d i t i o n s a r e q i v e n i n
t ai b 1 e 1 n 
F 1 at Samples.
Dose Beam current (piA) Beam e n e r g y  (R e v )
\(s
3 x lo 11 150
8  x 1 0 '6  1 1  150
1 x lo '1 1 1  150
5 x 1 0 n 1 1  150
R o u n d S a m p 1 e s „
D i a m e t e r (m m > D o s e (N ) B e a m c u r r e n t < pi A ) B e a m e n e r q y (k s V )
2.5 5 x 10° 11 150
3.0 5 x 10n 11 150
5.0 5 x 10 17 11 150
10.0 5 x 10 t7 11 150
T a b le 12.
The N ( p , <x, ) reactions were pei-formed using the
Un iversi ty of Aston| Van de Graaph , fac i 1 i t v „ The d i fferent
s a m p l e  g e o m e t r i e s  were investigated as a standard internal 
f riction wire could not be used, this enabled the effect of 
s a m p 1 e g e ome t ry on ret ai ned Ni t rogen t o be i n ves t i g at e d „
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7.5.2. Resu lts-
I n f x g i.i r e 62 t h e N p o;, t ) p r □ f i 3.0 i s sh 0 wn f o r f 1 a t
10» 0 a n d 2« 5 m m d i a m 010 r s a m p 1 e 9 0 o m 01 r i e 0 » 11 c a n b 0 0 0 e n
from this figure that there is little difference between the 
two sets of data .
Th0 i n f 1 la0nee of dose on th0 i mp 1 an t&d N i t roqen p rof x 10 i s 
demonst rated in f i9ur0s 63 to 6 5 Th i s seqla0nc0 of f i 9lares 
cov0 rs a dose ran90 wh i ch i ncorporates th0 c r i t i ca 1 dose of 
3. 10 N° c m -2 o I:) s e r v 0 d .i. n t h 0 i n t e r n a 1 f r i c t i o n e p 0 r :L m 0 n t s
A t t h 0 h i 9 h 0 r d o s 0 c:< f 5 10 ^ t h 0 c o n o 0 n t r a t i o n p r o f i 10 d o 0 s 1
no t j  show a d0part u.r0 f rom thie expec ted symmet r i ca 1 p rof 1 e. ,
A Iso, f o r 1 o w er doses., f i 9 la r 0 s 6 3 a n d 6 4 , t he o b s 0 r v e d p r o f i 10 s a r 0
a q a i n 1- o u. g h 1 y s v m m 01 r i c a 1,
Samp 1 e 9 0om01 ry appea rs t o b e an i n s :i. 9 n i f i c an t f ao t o r i n
i n f 1 la e n c i n 9 t hi 0 a s i m p 1 a n 10 d N i t r o 9 0 n c o n c 0 n t r a t i o n p r o f iie.
nF o r a d o ex 0 o f 5 1 u t h 0 s h a p 0 o t t h 0 N :i. t r o 9 0 n c o n c e n t r a t i o n
profile suggests that diffusion and redistribiut ion of Nitrogen 
h a s ! n o t t a k 0 ri p 1 a c 0 u A 9 a i n a t o r b 0 1 o w 1 x 10 1 t h e 
profile shows little departure from the expected shape and 
t hi 0 r 0 f o r e i t c: an b 0 assu.med t h a t I i 11 3. e m i 9 r a t i ori o f N i t r o9 en 
hi a s t a k 0 n p 1 a c e .
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Figure 62, N P r o f i l e  For Different Sample
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S. D i s c u s s i o n .
The d e v e l o p m e n t  of lattice damage, ion c o n c e n t r a t i o n  and the 
interaction of the two is discussed with r e f e r e n c e  to the 
resu 1 1 s „ Th is is done in f our main a r e a s :
1) The b e h a v i o u r  of point and line d e fects are e v a l u a t e d  in 
r e 1 ation to the i r posit ion in a st rai n f i eld and thus the i r 
posi t ion i n an in t e r n a 3. f r i c t i on speci men
2) From the b e h a v i o u r  of the d i s l ocation and |3 peaks the 
deve l o p m e n t  of lattice d a mage is discussed. F o l l o w i n g  this a 
mec h a n i s m  for the /3 peaks is proposed.
3) The i nteraction between implanted N i t rogen and other 
defects is eva 1 u.ated„ Also, the p a r t i tioning b e t w e e n  lattice 
si tes and t rap si tes is d i s c u s s e d .
4) Finally, a general diffusional model is d e v e l o p e d  to 
d e s cribe the b e h a v i o u r  of an implanted species. Thi s  is 
applied to the ion target system used here to model the 
e x p e r imental o b s e r v a t i o n s  for the implanted Nitrogen. The 
model is also applied to .'x~Fe and if -Fe to d e s c r i b e  the 
b e h a v i o u r  of implanted Nitrogen in these alloys.
S ,,1,, Re 1 axa t :i. on  Of Niujj H o m oqe n 0 ous D i st r i but i on Of. Def ec: ts
8  „   S t r e n g th Gf A N on H o m o g e n 0 0 n s  D i s t ri but ion
Of S o l u t e ,
When examining thin surface layers it has been suggested 
(B e r r y a. n d P r i t c h e t 19 81 > t h a t t h e m e a s u r e d i n t e r n a 3. f r i c t i o n 
is a weighted sum of the internal friction from the surface 
and bulk (secti on 3 - 2 - 2 - > » Wi th i on i mp 1 an tat ion the so 1 ute 
introduced in the thin surface lay car can migrate and may 
m i g r a t e f u r t h e r i ri t o t h e b u 1 k o f t h e m a t e r i a 1 « hi i g r a t i o n o f 
the defect will alter its position in the stress field placed 
on t h e samp 1 e an d s o , f r om Be r ry and Pr :i. t ch e t 1981, t h i s w i 1 1  
p r o d u c e  a change in the observed damping,, Therefore, in order 
to d i s c u s s  the results from point defect r elaxations it is 
first nec e s s a r y  to examine the kinetics of the Snoek 
r e 1 a x a t i o n i n t e r m s o f t h e r e 1 a x a t i o n s 1 r e n g t h „
I- o 1- N i o b i u m i t i s u n d e r s t o o d t hi a t N i t r o g e n a n d 0  x y g e n 
o c c u p y  the octahedral intersticies in the N i o bium lattice and 
that the defects therefore posses tetragonal symmetry- The 
s y m m e t r y a n d t h e s t r a i n e 1 i p s o i d p r o d u c e d b y t hi e i n c 1 u s i o n o f 
the defect in the lattice is described by the X tensor- In 
t h i s c a s e t h e X t e n s o r c a n b e f u 1 1 y a e s c r i b e d b y i t s t hi e e
p r i n c i p a I v a 1 u e s w h i c h ]. i e i n t h e d i r e c t i o n o f t h e t h r e e
p r i n c i p a 3. a x e s o f t h e c r y s t a 1, fig u r e 3.3 - N o w i c k a n d H e 11 e r
1963 give the equation describing the change of strain of a
crystal when d e f ects are introduced;;
J ;..o __ .ft
ecquation 90
16£
where
.... O
i-........
n-t
C ?
" tensor component of the strain of the crystal 
with de f e c t s
tensor component of the strain of the crystal 
w ithout d e f e c t s  
“ n u rn b e r o f p o s s i b 1 e e q u i v a 1 e n t o r i e n t a t i o n s o f 
the defect 
~ i n d e x d e n o t i n q o ri e o f t h e n p o s s i b 1 e 
o r i e n t a t i o n s  
= atomic f ract i on i n or i ent a t ion p
In order to si m p l i f y  the stress system but retain the 
kernel of the problem at hand a uniaxial stress will be
c o n s idered to act along the <I00>, figure 13,, Therefore, the
s t r a in c o m p o n ent, E u , q i v e n b y a s t r e s s (>" n ? w i 1 1 b e given b y
e q u. -a t i o n 9 '1 b y m a n i p u 1 a t i o n o f e q u a t i o n 9 0,
s i n c e
.. d. _. Cf!>.. .......
fc .. = J u. cr «i "l" h A L!-; p ”C o/n-t J
1 p-t H
jquation 91
Ju. = 1/IT and M u = c m  / E , , = ^ E u  “ n u  J a
where !vi = unrelaxed modulus
C 0  “ total conce n t r a t i o n  of defects
Now, s u b s t ituting equation 35 into equation 37 for , since 
C p ~ equ I i b r i uni conee'n t rat i on i n or i en tat i on p , then the 
n u. m b e o f d e f e c t s r e I a x i n g o r the d e r i v a t i o n o f C p f r o m 
eq la i I i b r i urn i s C p - C 0  / n -t
U p   L-o / n-t T) .
equati on
where Vo m o l e c u l a r  volume
T = tempera t u r e 
K B o 11 z m a n s c o n s t a n t
Fur ther subst i tu t i on f or C p -- C 0  /n 4- i n t o equat i on 91 w i th s 
r e a r r a n q i n q q i v e s q
- cl
leeadinq to
ff u J^+ E ^ A (fL CCoVo cVn^KTj- 1 /nt EpACp)l
equation
E n = J u+ -CC0 V 0 cf /n^KTl CEp ( A <f)) ^  --1/n^ <Ep ACf>)) 2 3
equat i on
w hi e r e II p s u m mat! o n o v e r a 11 v a 1 u. e s o f p
-d ... dNow,, E T\ / o u is the relaxed c o m p l i a n c e  ■ J ^  and is
e q u 1 i b r i u m a n e last i c s t r at i n , E , T' hi e r e J. a x a t i o n o f
c o m p l i a n c e  is £ J = J p, -J\j.
t hi u s e q u a t i o n 9 4 b e c o m e s
£ J = £oa/(J = CCoVb/n^KTllIEp ( A Cf))^ - 1 /r\± (Z ? A<?)) - I
equation
F r o m s e c t i o n 3, 1. t hi e r eI a x a t i o n s 1 1 - e n q t h A c a n 
e x p r e s s e d by A ~ £ J / Ju , s li b s t i t u t i on of t hi i s i n t o 9 5 y i e 
t h e e x p r e s s i o n f o r t h e r e 1 a x a t i o n s t r e n 9 1  h „ e q u a t i o n 9  6 »
93
94
t h e 
the
95
be 
?1 d s
170
A i C o v c / n t i< T J u. J-ilII p ( A ^  ) * ••• 1 / n 4. (E? A ^ ) s li
equation 96
Further, the peak h e i g h t , £ ,relates to the relaxation strength 
by
7i:£m = Tan0m ” A / 2 ( l + A ) /l
e q u a t i o n 9 /
It can t h e refore be seen that the relaxation strength and 
c on staq uen 1 1 y Sn oe k p ea k h e i 9  h t q i ven b y Tan 0 m  ar e dependent on 
a ser i es of phys i cal p a r a m e t e r s « These par a m e t e r s  are re I ated 
to tine s p e c i f i c  material and to the d i p oles strain fields (A  
t e n s o r ) » T h e p o s i t i o n o f t h e c:i i p o 1 e i n t h e s t r e s s f i e 1 d d o e s 
not enter into equation 93 and therefore the observed 
r e I a x a t i o n s t r e n g t hi i s i n d e p e n d e n t o f p o s i t i o n .
8 , 1 2. R e l a x a t i o n  Of A N o n i-l o m o q e n e o u s  Distr ibut i o n ..Of
D i s l o c a t i o n s,
T hi e r a d :i. a t i o n d a m a g e p r o d u c e d d u r i n g i m p 1 a n t a 1 1 o n m a y 
c o n d e n s e  to form a d istribution of d i s l o c a t i o n  loop lengths in 
the s u r f a c e  of the specimen which will be subjected to the 
m a x i m u m  s t r e s s  during an experiment,, From the theories of 
S e e g e r a n d S c h o e k o n d i s 1 o c a t i o n r e 1 a x a t :i. o n s t hi e m a g n i t u d e o f
thie oh s e r v e d  re 1 axat ion is dependen t on the area swep t out by
the d i s l o c a t i o n  bowing under stress. Therefore, it may be seven 
that a d i s l o c a t i o n  at the surface will give a higher value of 
i ri t e r n a 1 f r i c t i o n t hi a n one c I o s e r t o t h e a x i s o f t h e s p e c i m e n » 
A 1 1  hi o u g hi the t w o t hi e o r i e s g i v e d :i. f f e r e n t rn e c hi a n i s m s f o r t h e 
d i s 3. o c a t i o n m o t i o n , t hi e v b o t h d e s c r i b e t hi e m o t i o n o f t hi e 
d i s 3. o c a t ion i n t hi e s a hi e w a y . F o r a d i s 3. o c a t i o n t o q i v e a
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relaxation (asBurning no phonon interaction) it must move a 
cl i s t a n c e q r 0 a 10 r t h a n o r 0 q u a 1 t o b_* fa r S c h o 0 k rn i g r a t i o n 10 s s 
than _b_ 10acis to 0quat i on 55 be i ng i nva 1 i da10d , and f or S00ger 
t ii 0 d i s location w .i. 13. n o t f o r m a k i n k o r m i g r a 10 a p o r t i o n o f 
the dislocation over to a Peierls valley. TI10 magnitude of a 
dislocation relaxation is also a function of the loop length* 
ther0 w i. 11 be a c r i t i ca 1 1 oop 10ng th 1 c at wh i ch ther0 w i 11 b0 
n o r 01 a x a t i o n f o r a g i v e n s t r 0 s s „ T h e m o t i o ri o f the 
dislocation can be described by equation 97 (section
B c>ij / — C ^ 2 j / c> 7.2 = crb
e q u a t i o n  97
A t s'if'i a x. i m u. m d i s p 1 a c e m 0 n t t h e v 0 3. o c i t y , c> y / ^ t = o a n d the 
p  o i n  t o f ma x i mum c:l i sp 3. ac: 0m0n t i s a t Z = 1 / 2 * a 1 so setting u = 
c 0 , t h e rn a x i m u m a p p 1 i e ci s t r e s s g i v e s e c; u a t i o n 9 8
y m  ~ O'o b_ 1 / G C
equation 98
The constant C, the line tension p u l ling the d i s l o c a t i o n  
s t r a i g h t , i s g i ven fo y G r a n a t o a n cl L uc k e 1956 a s
C (ZGb 2 ) /te ( 1  -v)
equation 99
Where G3 shear m o d ulus  
\r -- Poisson ratio
i /2
The s t r e s s  can toe rewritten
Vo = G
e q u a t i o n
where shear strain
S u b s t i t u t i o n  of 99 and 100 into 98 gives for ym e q u ation 1?
y  m i I 2 ( i  - v )  5 / 16jj
equat ionn
For the c o n d i t i o n s  for yrr\ 2 b_ then
y m = i if I2C te (l-v) / :i. 6 b 3- >b
e q u a t i o n  :
For N i o b i u m  v = 0.38
I c ” ~J (3 „ 2 4 b 2 / Z" )
eq u a t i o n  j
equa t i on
o
Fo r  b. = a / 2 <111> a ~ 3 A and an applied s h ear strain of T
- S  " 7
1 0  then ic 2  x 1 0  rn. Ihus, near the s u r f a c e  of 
s p e c i m e n d i s 1 o c a t i o n s w i t h i o o p 1 e n q t h s 1 e s s t h a n 1 c w i 1 1  
c o n t r i b u t e t o a r e 1 a x a t i o n p e a k „
:> 1  
:L 01
L0 2
0  A
^ 1  
t h e 
n o t-
8 „ 2   Damage Structure Developed By Implantation.,
I mp 1 an tation p rodu.ces a two fold ef fec t on the near 
s u r f a c e r e g i o n o f t h e m e t a 3. b y p r o d u c i n g d i s p 3. a c e m e n t c:i a m a g e 
in the form of primary, secondary and tertiary knock on atoms
in a d i s p 1 ac ement c a sc a de an d b y i n t rod ucing a hi g h
c o n c e n t r a t i o n  of a l l oying additions into this h i g h l y  d i s t urbed 
r e g i o n , E i t h e r o f t h e s e f e a t u r e s a 1 o n e i s s u f f i c i e n t; t o 
p r o d u c e h a r d e n i n g o f t h e n & a r s i.i r f a c e r e g i o n b v t h e n o r m a 1  
p r o c e s s  of radiation har d e n i n g  or by solid solution hardening. 
A n a s s o c i a t i o n b e t w e e n t h e r a d i a t i o n d a m a g e a n d t h e i m p 1 a n t e d 
s p e c i e s rn a y a 1 s o h e e x p e c t e d „ T h e e v o 1 u t i o n o f t h e d a rn a g e 
s t r Li c t i.i r e f o 1 1  o w i n g i m p 1 a n t a t i o n w i 1 1  t h e r e f o r e b e a n
important factor in the final o b s erved c h a n g e s  in the
mec h a nic a 1 p rope rties.
I' h e i n t r i n s i c p o i n t d e f e c t r e 1 a x a t i o n s i n N :i. o b i u m o c c u r a t 1 o w 
t e m p e r a t u r e a n d c o n s e q u e n 1 3. y h a v e a 1 o w a c t i v a t i o n e n e r g y f o r
d i f f u s i o n a s s o c:: i a ted w 3. t h t h e m ,. T h e o n 1 y r e 1 a x a t ion pea k s 
o b s e r v a b l e  in implanted N i obium are the jB peaks and as can be 
seen from section 3„3„8„ there are two pos s i b l e  m e c h a n i s m s  for 
them., The two m e c h a n i s m s  are similar but d i ffer in respect of 
the role of d i s l o c a t i o n s  in the relaxation,,
§jL2.AJ,„J2iiL;LgcaM
Assuming that a d is 1 ocat ion motion is invo 1 ved in the J3 
relaxation the type of dislocation can be discussed., The 
r e 3. a x a t i o n p e a k (pea k S  ) f or-' sc r e w d i s 1 ocatio n s 1 i e s a t a 
h i q h e r t e m p e r a t u r e a n d t h u s a h i g h e r a c t i v a t i o n e n e r g y t hi a n 
the i3 relaxation and therefore if pinning of s c r e w
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d i s l o c a t i o n s  is involved then this would place the [3 peaks at 
a h i g h e r  temperature, above that for the peaks,, This is 
cl e a r l y  not the case (section 3.4.,),, The relaxation peak a 
p r o duced by edge d i s l ocation motion lies at a lower 
t e m p e r a t u r e  than the j'3 peaks'? this would then be the pr o b a b l e  
d i s l o c a t i o n  type c o n t r i b u t i n g  to the j3 relaxation. As point 
defect / d i s 1 oc a t i on p i n ni ng i s p r o p o s e d , t he b i n d in g ene rg y 
of the d e f e c t c o m p 1 e x e s t o t h e d i s loc a t i o n m a y b e c a 1 c u I a t e d .
F r o rn s e c t i o  n 3„ 3. 6  „ t h e e f feet i v e r e 1 a x a t i o n ent hi a 1 p y o f
d i s 1 o c a t i o n t y p e p e a k s i s g i v e n b y
2 H k
eau a t i o n  1 0 b
w h e r e hi K ” f o r rn a t i o n e n t h a 1 p y o f k i n k s
rrv
H K = m i g r a t i o n e n t h a .L p y o f !■■: i n k s
This may be used for peak o;? thus 1-1 is the formation or 
m i g r a t i o n  en t h a l p y  of kinks on an edge type dislocation,. Thee 
e f f e c t i v e  relaxation enthalpy for .(3 peaks given by a weak 
c o n c e n t r a t i o n  of interstitials which are immobile c a using the 
d i s l o c a t i o n  to break away from the pinning p o i n t s  rather than 
to drag them with it is given by
aft
m .. lb 
k +
where
eq u a t i o n  106 
binding energy of derect to the d i s l o c a t i o n
k i n k
Equat ion 106 can thus be used for the 0 peak* thus H eW th &
e n t hi a 1 p y r e q u :L r e d t o g e n e r a t e o r m o v e a k i n k f r o m a p .i. n n i n q
p cd i n t „ F o r a r e 1 a x a t i o n o f t h e d i s 1 cd c a t i cd n i n t r i n s i c p o i n t 
d e f e c t c 1 u s t e r t y p e t hi e n t h e p i n n i n g p o i n t s w i 11 b e i rn m o b :i 3. e 
a t t h e t e m p e r a t u r e o f t h e r e 1 a x a t i o n p e a k F r o m t h e s e t w □ 
e q u a t :i o n s t h e b i n d i n q e n e r q y o f t hi e d e f e c t m a y b e f o u n d b y 
s u b s t i t u. t i n q f o r 2 H + H ™
P>
<x
A value for i-i e^ . of 0„ 25 eV is given by Chambers 1966 using
d a t a f p o m f i v e d i f f e r e n t w o r k e r s T '  h e v a 1 u e f cd r t h e j3 p e a k s
ranges from 0-4 eV (I gat; a et al 1974, C h a mbers 1966) to 0- 48
P>eV <Debat i st 19 6 5) , g i v inq Cj K = 0  - 1 b  > 0  - 2 6 e 9»
T In e b i n cl i n g e n e r g y o f 0 „ 2 7 e V f o r 0 x y g e n t o a s c r e w 
d i s 3. o c a t i o n (See g e r e t a .1 1982) a n d 0  - 3 e V f cd r N i t r o g e n (B cd o n e 
and Wert 1963) can be compared to the p r e v i o u s l y  c a l c u l a t e d  0
p e a k v a 1 u e a n cl t hi u s , i f t In e r e 1 a x a t i o n i s g i v e n b y a
Snoek--Foster type of mechanism, the binding energy .is high 
enough to give substantial h a r d e n i n g , a l t h o u g h  not as high as 
f o r a sol u t e i n t e r s t i t i a I „
Thi e sec cdn d mechan i sm i n vo 3. ves d i s 3. ocati cdn / d e f ec; t 
I-"- e 1 a x a t i o n a n d ci o e? s not r e q u i. r e t h e ci i s 1 cd c a t i o n t o m i g r a t e a s 
with the p rev i cd us mechanism- Here the defect r e o r i e n t a t e s  in 
t In e s t r e s s f i e 1 ci o f a n i m m o b i 1 e cJ i s 1 cd c a t i. cd n -
T In e r e 1 a x a t i o n r a t e t 0  f o r t In e 0 p e a k s g i v e s s cd m e 
inci i cat i on as to the mechan i srn invo 1 veci i n tine re 1 axat i. on „ t 0
+ Q t
e q u a t i o n  1 0 '
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has been d e t e r m i n e d  by v a r ious workers to be in the order
\%
t 0 ~ 10 /s (Chambers et al 1962,1966, DeBatist 
1974), For s i n g l e  interstitials, Nitrogen or Oxygen, the value
of T0  is approx imate 1 y 1 0 which indicates that the
rn e c h a n i s m q i v i ri g t h e j3 r e 1 a x a t i o n i n v o I v e s a r e o r i e ri t a t i o n o i: 
a complex type of defect. Defects that may form complex 
clusters are self inter s t i t i a l s  or v a c a n c y - i n t e r s t i t i a l  pairs' 
thee rel a x a t i o n  rate for self interstitial p a irs and
v a c a n c y -- s elf i n t e r s t i t i a 1 s h a s b e e n d e t e r m i n e d i ri o t h e r m e t a 1 s 
to be in the o r der of t q ~  :L0*l/s (Wagner et al 1964, Frank l i n  
et al 1971, Well e r  et al 1976), The relaxation rate does not
rule out the p o s s i b i l i t y  of defect cl u s t e r  r e o r i e n t a t i o n  but 
t hi e t y p e o f c 1 u s t e r i s d i f f i c u 1 1  t o q u a ri t i f y as so m a n y
c o ri f i q u r a t i o n s  rn a y e x i s t ,
From the temp e r a t u r e  arid energy of the j3 p e a k s  the
mec h a n i s m  is u n l i k e l y  to be due to isolated defects. Also,
va c a n c y - O x y g e n  or Nitrogen interstitial c o m p l e x e s  are u n l i k e l y  
as a peak has been observed in <x~Fe for v a c a n c y - C a r b o n  or
vacaricy-Ni t rogeri relaxation which lies above the (3 peak
t e m p e r a t u r e s  in the material (Weller et al 1976) and has t q -
.... H ..J. u / s .
From the above the most likely defect c o n f i g u r a t i o n
givirig the j3 peaks is one of comp 1 ex in1 0?rstitia 1 or v a c a n c y
c 1 us t e r . A cJef ec t c 3. us t er s i m i 3. ar to t h e so has been p roposed
by Ri t c h i e  et al 1980 to account for the 0 r e l a xation in «-Fe.
F u r t hi e r , i t w i 3.1 b e s e e ri f r o m s e c t i a n s 8 , 2, 4- a ri d 8,2, 5 „ 
w h e r e t h e o t h e r d i s 3. o c a t i o n p e a k s a r cd d i s c u s s e d , t h a t t hi e 
f i r s t m e c h a n i s m i n v o 3. v i n q ci i s 1 o c a t i o n m o t i o n i s u n 1 i k e 1 v ,
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9» 2 2 . P o i n t D e f e ■:: t C 1 u s t e r i n q .
T h 0  f o r rn a t i on of defect cluste r s is n e c e s s a r y f o r b o t h
t h e p r o p o s e d rn e c h a n i s m s t o d e s c r i b e t h e fi r e 3. a x a t :i. o n s T  h e r e
are 5 J3 p e a k s r e p o r t e d (S t a n 1 e y a n d S z k o p i a k 19 6  7) a n d t h :l. s
su g g e s t s  that the defect cluster can exist in a number of 
d e g e e s of com p 1 e x i t y , the m ost cample x g i v i n g t h e h i g h e r 
t e m p e r a t u r e  |3 peak.
For clustering to occur the process must be diffusion 
limited and thus both the temperature and time (or d i s t a n c e ) 
av a i l a b l e  to the diffusing species will control the formation 
of the .(3 peaks- At the temperature reached during the
implantation process . in this work, > 2 0 0  "C (section 8 - 2 »3.) 
s e 1 f i n t e r s t i t i a 1 s w ill b e mobile* t h u s t hi e p r o b a b i I i t y o f 
c 1 u s ter formation and i n t e r s t i t i a 1 a n n i hilation w x 1 1  be high
f o r s e 1 f :L n t e r s t i t i a 1 s w h e r e a s v a c a n c i e s will b e r e 1 a t i v e 1 y 
immob i 1 e , becoming mob i 1 e in stage 1 1 1 anneaIing at 2 5 0  *C 
(Seeger 1970).
The dista n c e  the species have to diffuse in order to 
interact and the time available for diffusion will be a
f unc t i on of the dose, the mean spacing being g i ven by -1 1 /N 
w h ere N -• dose per unit area- Initally at low doses the 
c a s c a d e s  will be widely spaced and the migrating i n terstitials 
w ill :i. n t e r ac t i n f r equen 1 1 y with n e i g h b ou r i n g case ad es - Th e 
most dominant mec h a n i s m  will be close pair clustering with 
nea r n e i ghb ou r i n t e rs t i t i a 1 s o r ann i h i 3. a t i on w i t h a vac an c y - 
Also at the lower doses the short time required for the* 
implantation will mean limited time a v a i l a b l e  for diffusion to 
occur. A l t hough this is a simplified view of defect mig r a t i o n
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during im plantati on it is simi lar to that proposed by Sizman 
197 8 w h i c: h s u g g e s t s a n x n 11 i a 1 1 y i n c r e a s i n g c o n c: e n t r a t i o n o f 
si mpl e point defect c l u st er s which, at later times and h i g h e r  
doses, b e c o m e  more complex as aggregat ion has taken place,.
"I" l"i e g r o w t h o f t hi e c 1 u s t e r s b y a g g r e g a t i o n o f 
i n t e r s t i t i a l s  may be des cr ib ed from Ely re et al 1976 bv
1 .. Vt
l0 exp<h
e q u a t i o n  108
where :=: c o n o e n t r a t i o n o f i n t e r s t i t i a 1 c 1 u s t e r s 
=: c o n c e n t: r a t i o n o f d e f e c t s a n n i h i 1 a t i n g 
d if f us i ng i nt ersti t i a 1s 
= d e f ec t p roduc tion rate 
= m i q r a t i o n e n e r q y o f t h e i n t e r s t i t i a 1
The p a r a m e t e r  i<, the def ec t p roduc t i on r a t e , w i 13. be a 
function of depth as the ion cr eates  more de fects at the end 
of its track but it will be constant for dif fering d o se s using  
the same dos e rate (beam current).. Trie param et er n|_ which is a 
•f unc t i on of thie nu mb er of ann ih i 1 at ion si tes f or in terst i t i a 1 s 
and M '0 will therefor e be dependent  on dose as the n u m b e r  of 
c a scad e co re s w i 11 i nc rease as w 3.11 the number of i n t erst i t i a I 
cl u s t e r s  which will act as trap sites for other in ter sti tials.  
T hi e n u c 1 e a t i o n a n d g r o w t hi o f s m a 1 J. c 1 u s t e r s t h e r e f o r e 
d e c r e a s e s  with t i m e ,.
T h e s e g r o w t h s t a g e s f o r c: 1 u s t e r s s h o u 1 d b e r e f 1 e c t e d i n 
the b e h a v i o u r  of the .(3 peaks with the peaks c o r r es pond ing to
1 "7 0  X i /
the more co mpl ex c l u s t e r  relaxations growing at the ex pense of 
t h e pea k s c o r r e s p o n d i n g t o t hi e s i m p 1 e r t v p e o f c 1 u s t e r 
r e ].a.xat ions . Th is b e h a.v i o u r  is observed h e r e , figu re  51, where 
w i t h i n c r e a s i n g d o s e t h e i n t e n s i t y o f t h e h i g h e r tern p e r a t u. r e /I ^ 
peak incre as es  and the int ensity of the lower t e m p e r a t u r e  ft\ 
peak decreases, the h i g h e r  tempe rature /:> x peak be ing  due to a 
p roc ess i n vo J. v i ng a h i g h e r ac t i va t i on ener g y and t h us (no r e 
comp 1 ex re 1 a*xat ion than the 1 ower te mp e r a t u r e  , peak .
Al t h o u g h  the ft p e ak s show a linear vstriation of intensity 
w i t hi d o s e o v e r t h e d o s e r a n g e i n v e s t i g a t e d , i t i s u n 1 i k e 1 y 
that they are linear over a doss range ou t s i d e  that used here
i.e. from zero up to the highest dose used here. If the pea ks  
were linear over their entire dose range then this would 
pr oduce  an u n a c c e p t a b l e  damping level of the j3, re laxatio n as 
zero dose is approached. Also, the J3 x r e l a xation  would give a 
neg a t i v e  damping level at zero dose. From the a b o v e  disc u s s i o n  
the b e h a v i o u r  of the ft ^  peaks over an e x t e n d e d  dose range
may be ex p e c t e d  to be that given in figure 66. The  .(?• i peak has 
been o b s erved  to exhi ib i t the behav i our g i ven i n f i gure 66 
a fter n eut ron i r rad i a t i on ove r a wide dose range (81 a n 1ey an d 
S z k o p i a k 1967, 1 g a t a 19 7 4 ) .
8.2.5. C h a n g e  Qf The Defect Structure  With T e m perature.
The ft peaks have been observed by p r e v i o u s  w o r k e r s  using 
neu t  ron i rrad i a t i on t o e xh i b i t a g row t h p h a se a t 6 0 a C 
f o 11 (o w e d b y a dec a v p hi a s e a b o v e 260 °C < S t a n 1 e y a n d S z k o p i a k 
1967b). The k pea ks produced here do not giv e  a gr owth 
p h a s e , f o r e xam p 1e f i g ure 54. The i n t e rn a 1 f ri c t i o n s p ec trum
In
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Figure 66« Expected Behaviour Of The ft Peaks Over An
Extended Dose Range.
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t1 "i a t i’■ tv: s i.i 11" s t  i-" o ft 'i i m p J. ci n c ci c i o n c! o tv? s r~i o t c o n t a i n a n o b s> 0 r v  3 b 1 0  
« peak and has the B peaks fully developed* this is similar to 
that ob s e r v e d  by St anl ey  and Szkopiak after anne alinq and by 
Igata 1977 after high dose neut ron irradiation. For the 
N i t r o g e n i o n b e a m la s  e d h e r e t hi e d a m a q e p r o d u c e d w i 11 b e m u c h 
de nser than for neutron irradiation and c o n s e quentl y fewer 
d i f f la s i o n a 1 j la m p s w i 11 be re q la i r e d f o r defec t specie s ,
(v a c a n c i e s o r i n t e r s-1 i t i a 1 s ) , t o a g q r e g a t e a n d f 0  r m r e 1 a x i n g 
clusters- The? an nealing range for the j3 pea ks 0 2 6 0  °C) does
ho w e v e r  c l o s e l y  agree with p r e vious rev suits ('Stanley and 
Sz kop j. ak 1967b ) , thie annea 1 i ng proc ee ding in stage 111 . The 
fitob i 3. e sp ec i es i n t h i s r eg i on a r e 0 y q en , vac an c: i es an d 
Ni trogen and at the h i gher end of st age 111 vacan c y ~ i m p u r  i ty 
interstitial co m p l e x e s  may diss o c i a t e  (Seeger 1970). From the 
n u m b e r o f s p e c i e s b e c o rn i n g rn o bile i n t h i s t e m p e r a t u r e r a n g e 
the- exact m e c h a n i s m  for the decay of the fi peaks is di ffi cult 
to determi ne as the mat r i x i s landergo i ng s i qn i f i can t 
r e a r r a n g e m e n t o f i t s ci a m a g e s t r u c t u. r e «
T h ese c 1 ust ers c:an be transformecl by emmision of se 1 f 
i n t e r s t i t i a l s  or shrink as v a c ancies  arrive by dif fusion at 
t h e c lust e r T  h e 1 a 11 e r m e c: h a n ism i s 1 i k e 1 y t o b e cl o m i n a n t , a s 
i t w a s d e s c r i b e d i n s e c t i o n 2 3  „ 1 ,  t h a t i n t e r s t i t i a 1 3. o o p s
wo la Id have a tend an cy for growth rather than shrink ag e by
t h e r m a 1 e m m i s i o n a f £ j e 3. f i n t e r s t i t i a 3. s „
W i th i n the annea 3. ing tem peratu re  range of the i'i peaks
Makin and Min ter 19159 have observ ed an increase in yield
s t r e s s f a r n e u t r o n i r r a cl i a ted M i a b i u m . T h e y i e 1 d s t r e s s 
i n c r e a s e d la p t o a n a n n e a 1 i n g t e m p e r a t u r e o f 2 0 0 a C a n ci t h e n
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s t a ! '• 1 0  cl t o d e c a y b a c k t o t h e p r 0 - 1  r r a d i a t e d 10  v 0  J. aft 0  r a 
1 0 m p 0 ra t u r 0  of 230 C . T h 0 se a b s 0 rvations fo 11 ow t h 0  inc:r0 a s 0  
and d e c r e a s e  of the r e l a x a t i o n s  closely? thus s i g n i f i c a n t  
s t r e n g t h e n i n g  could be pr odu c e d  by the defect c l u s t e r s  gi ving  
the relaxation.
8.2.4. 1' n t r i n s :i. c Pis 1 o c a t i o n R e 1 a a t i o n s ._
D i s 1 ocat i on f or ma ti on can occur by the co 11 a pse of 
va c a n c y  rich c a sc ade c o r e s  or by the c o n d e n s a t i o n  of point 
d e f e c t s  into d i s l o c a t i o n  loops (section 2.3). An indicati on
o f t h e e a r 1 y sta ges of cl u s t e r i n g i s g i v e n b y t h e be h a v i a u r o f 
t he p p e a k s . The type of d i s 1 oeat i on and d i s 1 ocat i on s t ruc t ure 
w ill, as w i th thie rest of the d a m a g 0  s t ruc ture, inf 1 u e n c e  the
0 b s e r v e d m e c h a n i c a 1 p r o p e r t i e s .
As seen from all the internal friction s p ectra m e a s u r e d
i t  +  \i +•
over the dose range of 1 x 1U N /cm*- to 5 10 N / c m 2 the c<
a n d r e 1 a x a t :i. o n p e a k s f o r k i n k m i g r a t i o n o n edge a n d s c r e w  
d i s 1ocat ions respecti v e 1y are u n o b s 0 r v a b 1e . As seen from
s e c t i o n 3» 3 1 a n d 3.3.5. the intensit y o f t h e r e 1 a x a t i o n
pe ak s is a function of the c o n c e n tration  of d i s l o c a t i o n s  and 
the square of the spiacing betw een d i s l o ca ti on nodes? this then
1 s t h e mo re p red om i n an t factor. A 11 h oug h the d .i s 1 oc a t i on 
c o n c en t rati on may be i n c r 0 as i n g d ur i n g i m p l a n t a t i o n  t h e 
d i s t a n c e b e t w e e n d i s 1 o c a t i o n n o d e s w i 11 b e d e c 1 - e a s i n g d u e t o 
the diffusi on  of de fects to disl o c a t i o n s  (Lenz and L u c k e
1975). The height of the relaxation peak may be e x p e c t e d  to 
shiow a dec rease w i t h i ncreasi ng d i sp lacemen t damage. Th i s 
b e h a v i o u r h a s b e e n o b s e r v e d b y 1 g a t a e t a 1 1977 a n d S t a n 1 e y
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and S z k opia k 1967 for the « peak height in neutron irradiated 
Niobium., the peak being unob s e r v a b l e  at h i gher doses. For the 
cond i t i ons of d i sp 1 acemen t damage p reva i 3. ing dur ing i on 
i m p 1 a n t a t i o n i t i s 1 i k e 1 y t h a t a s i t u a t i o n a r i s e s w i t h a h i g h 
concen t rat i on of hea vi 1 y p inned srna 11 d i s 1 ocat ion 1 oops mak i ng 
t h e d e t e c t i o n o f t h e <x a n d i n t r i n s i c d i s location r e 1 a x a t :l o n s 
u n 3. i k e 1 y and i n d e e d n o r e 1 a x a t i o n p e a k s w e r e o b s e r v e d i n t h i s 
work « T his g i ves f urther support to the c 1 uster reor i en tat i on 
m e c h a n i s m  p r o p o s e d  If or the (3 peaks (section 8.2,. 1„)«
8 ■ 2.5. D :i s l o c a t i o  n I n t e r s t i t i a 1 Interact ion ._
In tr o du cing impurity interst itial s cm to any d i s l o c a t i o n s
t h a t m a y be p r o d need co u 1 d g i v e a d i s 1 o c a t i o n / i n t e r s t i t i a 1
intenaction peak (cold work or Snoek-Koster peak) for a
p a r t  i c u  1 a r  i n t e r s t i  t i a  1. T h e s e  8 n o e k - 1 < o s t e r  p e a k s  o c c u r  a t  4 6 0
K f or G xy gen. t h e £ p e a k , and 653 K f o r Nitrog en i n Niob iu m .
The lower t e m p e r a t u r e  peak is o b s e r v a b l e  in the u.n implanted
sa mples  and re ma ins unc hanged for the? implanted s a m ples  as
shown by f i g u r e s  55 to 57 , wh ereas the hi gh e r  t e m p e r a t u r e
peak is u n o b s e r v a b l e  after any of the ion do ses used. In
sec t i on 8.1.2. the r e 1 axa t ion s t reng th of a d i s 1oca t i on as a
functi on of its positio n in the sp ecimen was investiga ted and
a r e l a x a t i o n  does not occur at surfa ce s t r a i n s  used here of 1 
-s'
x 10 tor loop lengths less than :L lu m. Therefore. the 
Oxygen / d i s l o c a t i o n  interaction peak, the £ peak, shoul d be 
sens; i t i ve to su r f a c e  changes. H o w e v e r , the constanc::y of the 
peak s u g g e s t s  that an insignificant po rt io n of the rela x a t i o n  
is given by the first 100 nm of the s u r f a c e  of the specimen.
This does not support the early theori es of ion impla n t a t i o n  
which s u g g es te d that the de fect str uc tu re could be influenced  
t o d 0  p t h s q r e a t e r t h a n that a c hi i e v e d fa y i m p 1 a n t a t i o n . D u e t o 
t h e u n o fa s e r v a fa i 1 i t y o f t h e M i t r o gen 3 n o e k !< o s t e r p e a. k t h i s 
crit i ca 1 loop 1 eng th also sets an upper 1 imi t f or thie 
d i s I ocat i on 1 i ne 1 eng th p roduc:ec:i dur i ng i mp 1 an tat i on ,
8 . 2 . 6 , Bac kq roun d Damp i np ._
The observ ed  chan ges in the back ground  damping following  
ion imp lant ation  a r i se f rom fa o t h c han g es in the defect 
s t r u c t u r e  of the N i o bium  and also from the e x p e r i m e n t a l  
tqechnique. The ch an ges  in b ackgrou nd  damping p r o d u c e d  fay 
e x p e r i m e n t a l  techniq ue wi 11 be from the immersi.on of thie 
ne e d l e  in the oil dashpot (section 6.4.). Figure 48 s h ows an
-A
e r ror of £ - ± 2  x lu may be introduced by the n e e d l e  when 
u n mi o u n t i n g a n d r e m o u. n t i n g a s a rn p 1 e . T h u s a c 1 e a r e r i n d i c a t i o n 
o f t h e b e hi a v i o u r o f t h e b a c k g r o u n d d a m p i n g , £ $ , w i t h i o n d o s e
may be ga i ned by p lot t i ng thie dec rease of £ & af ter a n n e a  11 ng . 
T h i s i s d o n e f o r t h e imp 1 a n t e d s a m p 1 e s w i t h o u t r e m o v a 1 f r o m 
the apparatus. The trend is for the back gr ound d a m p i n g  to be 
incr eased with dose, figure 67. There is c o n s i d e r a b l e  s c a t t e r  
a s s o c i a t e d  with the back g r o u n d  dampin g between d o s e s  and 
between  experiments, the s c a t t e r  being introdneed by h a n d l i n g  
of the saiTip 1 e s ,
Tl'ie i nc rease i n the ba\c kground damp ing may be expec ted 
from the increasing da mag e and the p r o d uction  of small 
d i s 1 ocat i on segmen ts that are ab 1 e to re 1 ax p r i or to be i ng 
pinned af te r annealing. Fi gu r e  67 also shows that the
(?) 
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Figure 6 7. Change In Background Damping With Nitrogen Ion Dose,
1 8 6
ba ckgro un d damping has not saturated at the m a x imum dose used * 
this f e a tu re  will be discus se d in section 8.3.1..
8.2,7. S u m m a r y  And Cone 1 u.sions-_
F rom the discussion on the absence of any observab1e 
d i s 1 o c a t i o n re 1 a. x atio n s  g i v e n b y t hi e <x, &  o i - S n o e k - i< o s t e r 
r e 1 a. x a t i o n s it follow  s t h a t t h e B pea k s a r e u n 1 i k e '1 y t o b e 
caused by m i g ra tion of edge dis l o c a t i o n s  with de fect clu sters* 
this is b e c a u s e  edge di sl o c a t i o n  se gments long en ough to give  
the f-3 r e l a x a t i o n s  would also indicate that there sh ould be 
scr ew d i s l o c a t i o n s  of long enough length to give  the o t her 
relaxations,,
A me chan i sm of cl uster  relaxatio n is thus the most 
pr o b a b l e  for the relaxation- For the annea li ng of the j3 p e a k s  
the c l u s t e r s  must be underg oing a t r a n s f o r m a t i o n  to a non 
relaxing c l u s t e r  either by growth or by a n n i h i l a t i o n  by 
diffusi ng  vacancies- This mod if icatio n of the de fect s t r u c t u r e  
may be ex pect ed  to influence the obser v e d  mec h a n i c a l  
properties, mainly due to a rea rran gemen t of the c l u s t e r s  as 
the d i s l o c a t i o n s  a l r eady ap pea r hea vily pinned.
The ann ea 1 ing b e h a v i o u r  of the .0 p e ak s agrees  with o t h e r  
w o r k e r s (S t a n 1 e y 0. S z k o p i a. k 1967b) a n d from t h e i r b e h a. v i o u r a n 
upper limit of 250 °C can be set for the ap parent  i m p l a n t a t i o n  
temp e r a t u r e  .
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8.3., Solute Interstitials..
C h a n g e s  in the conc en tration  and d i s t r i b u t i o n  of the
i nt ers tit ial so lut e el ements  in terms of their
cry stal lographic locations are re flected in the internal
f r i c t i o n s p e c: t r a f o r t h o s e e I e m e n t s .
T in i s c a n e n a b 1 e t h e b e h a v i o u r o f t h e i m p 1 a n t e d N :i. t r o g e n
a n d s e c: o n d a r y i m p u r i t i e s s u c h a s 0 x y g e n t o b e i n v e s t i g a t e d i n
the i mp 1 an ted st ruc ture and ref erenced to thie mechan i ca 1
p ro pe rt y obs er vat i ons that a 1 ready ex 1st Tor other Wi t roqen
l¥l e t a 1 a 1 1 o y s y s t e m s ,.
8. 3.. 1. Mi t rogen .,_
Ni trogen imp) lanted to the doses used here at 150 KeV is
retained in the s u b s urf ac e of the Ni obi um  wi re s in a r o u gh ly
g a u ss i^n distribution, figures 63 to 65. Fo l l o w i n g
i m p 1 a n t a t i o n a n d at n i n c r e at s e i n t h e s u r f a c e c o n c e n t r a t i o n o f
N i 1 1 "- o g e n , t h e N i t r o g e n S n o e k p e a k i n t e n s i t y i s a 1 s o i n c r e at s e d .
Fro mi se ct io n 3.2.5. this can b e d i r e c t l y  related to the
c. o n c e n 1; r a t i o n o f t h e s p e c i e s g i v i n g t h e S n o e k p e a k , i n t hi i s
c a s e N i t r o q e n . hi o w e v e r , t h e c o n c e n t r ax t ion c o n t r i b u t i n q t o t h e
Snoe k p ea k i s the coneen t ra t i on o f Ni t rog en i n rand om s o 1 i d
so lu ti on located in the octahedral i n te rs ticies of the N i o b i u m
1 a11 ice (se ct ion 3.2.4. ) . The behatviour of the Snoek peak
height wi tIn ion dose is gi ven in f igure 5 8 . I n  f igure 58 i t
can be seen that althou gh the Snoek peak height increases,
n
aft er  a dose of 2 x lu N/em-" the peak height star t s  to
n
d e c r e a s e  with dose. iherefore, after this dose of 2 z 10 
N/cmk- the c o n c e n t r a t i o n  of Nitrogen in ra nd om solid s o l u t i o n  
starts to decrease.
ise
M e c h a n i s m s  that could lead to the removal of Nitroge n 
f ! "• o m s o I u t i o n a r e 5
1 R e m o v a 1 o f N i t r o q e n d u e t o s p li 11 e r 1 n g 
2» A mo rp h i sa t i on o f the Ia 11 i c e 
3. Pr e c i p i t a t  ion and D i f f u s i o n
1« S p u t t e r i n g . .
The i m p 1 an ted co ncent rat i on tends to app roach an
a s y m t o t i c v a 1 u e w i t h dos e (L.. i a u. e t a 1 i 980) f o 1 - a n i o n b e a m
inc iden t at a consta nt a n g I e on a surf a c e . In th is work the
a n g I e o f t h e i o n b e a m o n a n y p a r t o f t h e s u r f a c e c: h a n g e s
be tw ee n zero and 90° as the wire is rotated in the beam giving
a time during which a high sp utteri ng  rate can occur... N (p v a ,
) n u c I e a i "- r e a c t i o n s t u d i e s o n s a m p i e s w i t h d i f f e r e n t
g e o m e t r i e s , f i q u r e 6 2, g i v e p r o f i 1 e s w hi i c hi a r e e x p e r i m e n t a 1 1 y
i d en t i c a 1 an d t hus an onia I ous spu 11 e r i n g d lae t o samp 1 e g e om e t ry
c a n b e e >; c 1 u d e d .
S p u 1 1 e i  ng i s a 1 so sens i t i ve to surf ace co mpo s i t i on w i th
f o r e x at m p I e , a. t o m s o f N i t r o g e n b e i n g p r e f e r e n t i a 11 y s p u 11 e r e d
from a surf ace of c o m p o s i t i o n  NjcNby . Comparin g the p r o f i l e s  
n 17
for the 1 x :Lu etnd b x :lu ion doses., figu res 63,64, the
n
g a m m a  ray yield for the 5 x lo dose is much h i g h e r  than for
the 1 x :lo'7 dose and thus prefere nt ial spu t t e r i n g  c a n n o t
a c c ount for the obs erved Snoek peak c h a n g e s „
2. Arno rph i s a t i on »
Thie amorp*h isat ion of thie s l.irf ace and subsurf ace reg i ons
d u r i n g i o n i m p 1 a n t at t ion d e p e n d s u p o n t h e d e g r e e o f
d i s p 1 a c e m e n t d a m a g e a n d a I s o u p o n t h e i o n s p e c i e s „ t h u s
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certain ion tarqet comb inations are more r e a d i 1y a m o r phi se d  
fe sulting in enh an ced me ch ani cal pro p e r t i e s  (Linker 1984, Pope  
e t a 1 1983). Fo r th e N - Nb i on - 1 a rget c ombi n a tion i m p 1an tat i on
up to a c o n c e n t r a t i o n  of 20 a tX (2 x 10 N/'cm2 ) has been found 
to s h □ w no signs of amo rph isat ion using x —  ray di ff ract ion 
techniques. The Nioblum target retained the BCC structure wi th 
the Ni t r o g e n  a c c o m o d a t e d  in the lattice res ulting in an 
ex pansi on  of the lattice pa r a m e t e r  of 0.157. /atX N (Linker
1981). Also, the b a c k g r o u n d  damping' does not s ho w sig ns of
\i
s at ur ation at the highest doses used here* however, at 2 x io 
N/crrA the Snoek peak is a 1 ready showing signs of de cay thus 
a m o r ph i s a t i o n  i s u n 1 i k e 1 y t o b e t h e m e c h a n i s m g i v i n g t h e 
obse rv ed  de ca y of the Nit ro g e n  Snoek peak.
5. Freei p itat i o n .
The removal of Ni tr og en from solid solution  may occ ur by 
h ete r o o r h o m o g e n e o u s p r e c i p i tat ion,, H e t e r o g e n e o u s
p r e c i p i t a t i o n  will occu r mainly on the d i s p l a c e m e n t  da ma ge 
p r o d u c e d b y t h e N i t r o g e n i t s e 1 f w hi i 1 s t h o m o g e n e o u s
p r e c i p i t a t i o n w i 11 p o t e n t i a 11 y o c c u r i n r e g i o n s w h e r e t h e
so 1 uh i 1 i ty 1 i mi t has been g rea.11 y e x ceeded .
The te nd en cy for he te ro or ho mo g e n e o u s  p r e c i p i t a t i o n  will 
depend upon t he t emp e rat u r e , the d i f f us i on a 1 d i s ta nce s
required to reach a lattice defect and the deg ree of s o l u t e
supersa'turation. If the di st ances are large i.e. the lat tice 
de fects  are sit ua te d a long way from the Nitrogen, then the 
de gr ee  of s u p e r s a t u r a t i o n  can build up favouring h o m o g e n e o u s  
preci pit ation. An indication of the d i s t a n c e  that the 
implanted Nitrogen  can d i f fus e is given by x -■ -,fbt * the c u r v e s
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for TT are shown in figure 68 for va rious  t e m p e r a t u r e s  and 
imp 1 an tat i on doses, jhis calcu 1 ated data is shown w i thi the 
calc u 3. ated change i n mean spac i ng S between N i t rogen atoms  a t 
peak c o n c e n t r a t i o n s  given by S ~~ 3-,f 1 /N whe re N =  n um b e r  per
un i t vo 1 u m e „ The platted  cur ve is f or 10 S as prec ip i tat ion 
will r e q uire a group of atoms  to aggregate. The area to the 
r i g h t o f t hi e i n t er sect ion of the d i f f u s i o n c u r v e a n d the me a n 
sp acing curve can be taken to be an indication of the 
condi t i ons tha t g i ve p rec i p i t a t i o n .
The preci p i tat ion mode w i 11 af f ec t the f orm of t he N*
( p , a , ) prof i I e „ H e t e r o g e n e o n s  p rec: i p i tat i on w i 13. tend to pu 1 1
N i t ro ge n to the near s u r fa ce region and p r o duce an a s y m e t r i c
b r o a d e n i n g  of the profile, whilst h o m o g e n e o u s  p r e c i p i t a t i o n
will tend to pull Nit ro gen towards the ce ntr e of the p r o f i l e
n
a n d p r o d u c e a n a r r owing o t t h e p r o f i I e „ Fr o r the 5 x 10 d o s e 
a s y m e t r i c b r o a d e n i n g i s u n o b s e r v a b 1 e * h o w e v e r , t h i s r e q u i r e s 
tha.t Ni t r o g &n i s d i f f u.sing over 1 arge ci i s tances l « e „ the 
t e m p e r a t u r e  is gr ea te r than 250 “ C A l t h o u g h  this t e m p e r a t u r e  
is h i g h e r  than that measure d exp eri menta lly, a g r e a t e r  
t e m p e r a t u r e  than 250*C is ' p r e c l u d e d  by o t he r ob servations.
For examp 3.e , the (3 peaks (sec 1 1 on 8„ 2„ 15 „ ) can be useci to g i ve 
a n indie a t i o n o f t h e t e m pe ra t u r e ; if t h e t empe ra t ure we re 
abo ve 250 °C then these peaks would anneal out, up to this
t emp e r a t u re t h ey a re i -e 1 a t i ve 1 y stable. A t emp e r a t Lire o f 2 5 0 C
i.s thei"efoi-e not supported  by other e x p e r i m e n t a  1 ofoservations„
F r o ni t h e t h r e e m e c h a n i s m s c o n s i d e r e cl a b o v e p r e c i p i t a t i o n 
of Nit rogen f rom s o 1ut i on i s the most p r o b a b 1e cause of the 
observecJ be ha v i our of t he S n o e k pea k w i t h d o s e .
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Figure 68. Mean Separation Of Ions And Diffusion Distances With
Dose At Different Implantation Temperatures,
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The diff us ion of Ni tr ogen has been mod ell ed s i m p l y  by a -J'Dt 
relation, this treatme nt  is not su ff ici ent to give a de t a i l e d  
v i e w o f t in e d i f f u s i o n d u. e t o t h e c. o m p 1 e c o n d :i. t i o n s t in a t 
prevail with implantation. A more detai le d tr eatmen t of 
diffusion  will be dis c u s s e d  in section 8.4.
8 . 5. 2, A n n e a 1 i n g 5 e h a v i o u r Q f N:i. t roqen .
The Ni tr ogen Snoek peak intensity d e c r e a s e s  with rep ea ted  
recording of the peak. The reduction in intensi ty is c o m p l e t e  
af ter the f i rt therm a 1 e c u r s i  on requi r£vd to t race out the 
p e a k , f i gur es 60 and 61, the final i n t ensi ty be ing the i n i t i a 1 
p re i mp 1 an ted S n o e k peak he i qin t „ This behavi our i s ind i cat i ve 
of a removal of Ni t r o g e n  from solid so lu tion to a "trap site". 
The term trap site is used here to indicate  e i t h e r  a 
precipitate? or lattice defect.
The res po nse of the Snoek peak to isotinerma 1 a n nea 1 ing is 
g iven i.n f igure 69. If the Ni trogen wer e a 11 prec ip i ta.ting 
during the time require d to trace out the Snoek peak in 
figures 60, 61 giving an initial peak he ight lower than it
should have been, then the isothermal curv es  should lie in the 
order of .increasing dose. It is evident that they do not. T h i s  
response to isothermal aging with dose indicates  that N i t r o g e n  
is m a in ly  trapping during implanta tio n with fu rt he r N i t r o g e n  
trapping ooour in g when there is sufficie nt  thermal e n e r g y  for 
diffusion  to occur. This type of response is n o r m a l l y  seen for 
neut ron i rrad i.ated or st rained mat er ia 1 s w h ere  a f resh 1 y 
introduced c o n c entrat  ion of lattice d e f e c t s  act as traps for 
th& i n tersti t i a 1 N i t r o g e n .
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b u_:S u _3_« Q x y q 0  n »
The increased intensi ty of the 0 xvgen Snoek p e a k , as wi th 
t he N i t r ogen p e a k , resu.11 s f rom an i nc: reased conc: en t ra t i on □ f 
Oxygen in rando m solid solution.. Although Oxyge n introduced 
dur ing t he imp 1 an t at i on of N i t rogen i s a s e c o n d a r y
interstitial, the pr e s e n c e  of secon dar y impuri ties introduced 
by an ion beam are known to grea tly in fluence  the? observe d 
m ec ha nical p r o p e r t i e s  (D e a r n a 1ey 1981, Knapp et al 1981,
Si os hans i et al 1984),
The p o s s i b l e  routes? by which Oxygen can be introduced 
during imp la nt ation are? 5
1. As part of the ion beams-- this route is not p o s s i b l e  here
as the be a m p asses t h r o u g h a m a s s s e p a r a t i o n m a q n e t , fig u. r e
40, which removes se c o n d a r y  masses from the beam.
2. D i f f u s i o n  in from the sur faces- as d i s cu ssed in the 
Nitroge?n section, the tem pera tu res during imp lan tatio n are 1 ow 
and a normal thermal pr oc ess would not intro duc e the o b s er ve d 
0 xygen. H o w e v e r , a s u rface under ion bo mb a r d m e n t  b e c o m e s  very  
re ac ti ve (Dearnaley 1979) allowing gases to be a d s orbe d onto  
the surf ace f rom the vacuum wi th the p r o m otio n of ox idat i o n .
This can then lead on to m e c hanism three,
3. Ion bea m mi x ings- the physical mixing of su r f a c e  layers has
been exp l o i t e d  for many systems- for e x a mple Sn on Ti
i m p 1 an t e d wit h a N i t rog en beam (Dea rn aley 1981)« With t he Nb
s y s t e m  u s e d  h e r e  t h e r e  i s  p o t e n  t i a .11 y  a n  o x  i d e  o f  N i o b  i u m  . a n
the s u r f a c e  of the wire?« It has bee?n d e m o n s t r a t e d  that there
is s u f f i c i e n t  residual Oxygen in the imp lant ation  c h a m b e r  to
a
g i ve ap p r o x i ma t e 1 y 1 x 1 0  0  x /c m i mp i ng i ng on the t ar g e t
195
s u r f a c e  (Dearnaley 1979)» Assuming  that a thin layer of NtaO 
f o r m s f i - o m t h i s 0 x y g e n , the q u a n t i t v o f 0 x y g e n i n t r o ci u c e cl b y a 
pu re ly  ba l l i s t i c  mec h a n i s m  may be estimated, appendix B„
To a s c e rt ain the c o n c e n t r a t i o n  of Oxygen intr oduced
d u r i n g i m p I a n t a t i o n t h e a s i m p 1 a n t e d s p e c t r a i s s u b t r a c t e ci
pro
from the  ^ 'iiiip lanted spectra  as the £ peak is constant- The 
i n c r e a s e i n p e a k h e i g hi t f o 1 1 o w i n g i m p I a n t a t i o n i s s h o w n i n 
f i g u r e 5 9.. T h e d a t a i n f i g u r e 5 9 i s. s u b j e c: t t o a h i g h d e g r e e 
of sc a t t e r  as the q u a ntity  of oxygen introduced is a fu nc ti on
0 f t h e o x i d e t h i c k n e s s w h i c hi i n t u r n i s a f u. n c f i o n o f t h e 
r e s i d u a 1 g a s e s i n t h e i m p 1 a n t a t i o n c: h a m b e r « T h e g e n e r a I 1r e n d 
h o w e v e r , .i s f or the concen t rat i a n of 0 xygen i n t he 1 a11 ice t o
1 n c: r e a s e w i t h d o s e , a s e x p e c t e d f r o rn a p p e n c! i x B - I n a p p e n d i x B 
t h e m e a n k i n e t i c: e n e r g y t hi a t a p i - i m a r y I-;: nock □ n 0 x y g e n a t o m 
re cei v e s  has been calculate d to be 2 KeV.. Thus,, the Ox yg e n 
w i 1 1 i-' e s i ci e a t a n a p p ro x i m a t e d e p t h o f 5 n m (L i n d h at- d e t a 1 
1963), n e a r e r  to the su rf ac e than Nitrogen and cl oser to or 
d i rec 1 1y in the area of peak d i s p 1ace ment damage« This is 
added e v i d e n c e  against the s u b s u r f a c e  region b e c o m i n g
a m o r p h o u s a t h i g h e r c:i o s e s a s t hi i s w o u 1 d c a u s e t h e t w o S n o e k 
pea ks to de c r e a s e  in tandem, a p h e n om ena which is not 
ob se rv ed -
8 ■ 3.. 4. A n n e a 1 i n q B e h a v i. o u r 0 f 0 x y gen.__
In co nt rast to the Nitroge n Snoek peak, the Oxygen Snoek
peak in tens i ty increases af ter the i n i t i a 1 t rac i ng of the 0 
a r i cl N p e a k s . T h u s , a s N i t r o g e n i s b e i n g r e rn o v e cl f r o m s o 1 u t i o n 
Oxyg en is being released back.. A cl ear er  indication of the
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qu.an t i ty of 0 xygen i n t roduced dur ing implantati on  is g i ven by 
pl ottin g the Oxygen c o n c e n t r a t i o n  after aging*, this is shown 
in figur e 59. Unf or tunately, due to the sc a t t e r  in the data, 
i t i s nat p o s s i b l e  to d raw f i rm conc 1 u s ions f rom thie data 
other than those given above.
From the location of the Oxygen in the peak d a m a g e  region 
and its high d i f f u s i v i t y  the Oxygen may be ex p e c t e d  to be come 
trapped b e f o r e  the Nitrogen. In this case tra ppi ng is at a 
site which is intercha'ngeable for Oxygen or Ni t r o g e n  and is 
thus not an Nb-N precipitate. This i nt er change  of Ox yge n or 
Nitrogen has been observed in strain aging and neutro n 
i r rad i a ted e x peri men ts on Nb-N~0  a 11oys (S z kopi ak e t a 1 
1965,1966). In these e x p e r i m e n t s  Nitrogen replace d Oxygen at 
dislocations. For ion implantation the lattice d a m a g e  is 
likey to be finer than the d i sloc at ions p r e se nt  for these 
wo r k e r s  (section 8.2.) and thus the r e p l a c e m e n t  will be 
oc cu ri ng m a i n l y  at small defect clusters.
8 nJ3„_5. Conclusions.
With ion im pl ant ation Nitrogen is retaine d in the Nb 
internal friction s a m ples and is d e t e c t a b l e  by the internal 
friction technique. The migra ting Nit rog en i n i t ia ll y traps at 
vacancies, va c a n c y  c l u s t e r s  and small inte rstit ial d i s l o c a t i o n  
1oop s .
With increasing dose the trapping leads to p r e c i p i t a t i o n  
and the rate of removal of Ni trogen from s o l u t i o n  e x c e e d s  the 
rate of arrival from the ion beam? this p r e c i p i t a t i o n  (or 
trapp inq) is 1ike1y to be occur ing in the imp1anted prof i1e as
1 9 7
theI"-e is no o b s er vab 1 e shi f t of the Ni t rogen c:oncent rat ion 
p r o f i l e  tow a r ci s t h e s u. rface. T hi i s c h a n g e o f M i t r o g e n 
c o n c e n t r a t i o n  in random solid solut io n with dose is dev e l o p e d  
dur ing imp 1 an tat ion and is not an art i f ac t of the expe r imen ta 1 
techni q u e .
Im punit y i n t e rs t i t i a 1s , 0 x y q e n , can be i n t rod uced f rom a 
s u r f a c e  c o v e r i n g  such as oxide into the target by a ba l l i s t i c  
mechanism. The Ox ygen is pa rt i t i o n e d  b e t ween random solid 
s o l ut ion and trap sites. This s e c o n d a r y  implanted, inte rstit ial 
a s s o c i a t e s  with the lattice damage me?re readily them the 
p ri mary i m p lan t e d Ni t rogen.
D uri ng post implantation an nealin g the Nit ro gen that is 
rema i n i n g in solu  t i on a f t er i m p 1an t a t i on is able t o m i g ra t e t o 
lattice trap sites where? it replaces  any trapped Ox yg en 
r e 1eas i ng thi s bac k i nto s o 1ut ion.
A model i n v o 1v i ng the d i ffusion o f Ni 1 1 - og e n w i t h a 
field of traps is required to test these c o n c l u s i o n s  d e r ived 
from e x p e r i m e n t a l  observation. This is de v e l o p e d  in s e c ti on
8.4.
8 _Su m m a r y  Of The Damaa e St ruture And S o l u t e  I n terst i t i a 1 s
Wi t h Comp a ri son To Q the r Wor k .
F o l l o w i n g  implantation the s o l u t e  i n t e r s t i t i a l s  are 
p a r t i t i o n e d  be tween lattice de fects and so l u t i o n  sites. Du ring  
i mp 1 an tat i on these so 1 utes c:an i n terac t with the v a c a n c i e s  anci 
self i n t e r s t i t i a l s  p rod uced during i r rad i a t ion (Loom i s et a 1 
19 81 , W a g e n b 1 a s t e t a 1 1962). T hi i s m a v i n f 3. u e n c e t hi e g r o w t h 
and f ormat i on of def ec t c 1 usters by b ind .ing wi th vac:anc ies to
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form a vacancy-so.lute int erstitial (V-i) complex or by forming 
a tra n s i t o r y  se 1 f -in terst i t ial-sol ute (SI--i) pair.
The tr ans ien t format ion of SI--i pairs will retard the 
migra t ion rate by i ncreas ing E^ in eguat ion :L08. This 
m e c h a n i s m  has been p r o po se d for neutron irradia ted a Iron 
con ta in ing in terst i t i a 1s produc ing a f iner d is oer sion of 
defec t cl u s t e r s  (Little et al 1970), In ion implant at ion the 
pairing will be more  frequent due to the Nit ro ge n or Oxy gen 
being located close to the self interst it ials that they 
produce. It has further been propos ed that due to the finer 
d i s p e r s i o n  of self interstitial cl ust er s a hi gher n u m b e r  of 
the c l u s t e r s  will be faulted C1:L0> loops and will not have  
un f au 11 ed t o the till I 1 oops (Bu 3.1 ough and Per r i n 19 6 8 a ) 
p rov i d i n g a g rea t e r b a r r ier to d i s I oc a t i on mo t i o n . Th e 
u n f a u l t i n g  of these loops is proposed to occur with 8 
in terst i t :i. a 1 s in the c 1 u s t e r * this is c 1 ose to the n u m b e r  of B 
p e a k s  observed; however, there is as yet no e v i d e n c e  for a 
c o r r e l a t i o n  bet ween the two,
U n 1i ke the SI — i p a i r , the V-i pai r is s t r o n g 1y b o u n d , 
d i s s o c i a t i n g  in stage III a n n e a I i n g \ the refor e the i n f 1u e n c e  
of the s o lu te  interstitial on the v a c ancy  will be more 
pronounced. The m i g r ation rate will be retarded as the V — i 
pai r  will have to un de rgo a comp lex r e o r i en ta tion whi ch will 
increase with the n u m b e r  of solute at oms ass oci at ed with the 
vacancy. Again as with Sl-i this will lead to n u c l e a t i o n  of 
va c a n c y  cl u s t e r s  on a finer scale, indeed it has been noted  
that va c a n c y  loops are u n o b s e r v a b l e  when an i n t e r st it ial 
impur i ty is present (hiumb 1 e 1967) .
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The initial coupling of Oxygen to vac a n c i e s  has been 
pro pos ed by Igata 1980 to acco unt for an increase of 147 in 
the as irradia ted vie? Id stress  which 1 at ear inc reases to 267 
with the re pl acement  of Oxygen by Nitrogen. This  r e p l a c e m e n t  
effect is ob ser ve d here from the beh av iour of the Ox yge n and 
Nitrogen Snoek peaks. A V-i comp lex can give this s i g n i f i c a n t  
hardening  by acting as a di pole prov id ing a h i g h e r
st r e n g t h e n i n g  e f f i c i e n c y  than eit he r of its const ituents. In
comparison, in N i t rogen ion implanted Iron al lo ys  a post 
implantati on  anneal at 100 to 120 °C is perf or med to e n h a n c e  
the mech anical  p r o p e r t i e s  (Hirvonen 1984, Herman  1981). This 
radiation anneal h a r d en in g has also been observe d in n e u t r o n  
i r i - a d i a t e d « Iron can ta  i n i n g Ni t rog en (0h r e t aI 1 9 7 1 ) i i t i s 
therefore  probable? that a s i m il ar mec h a n i s m  is taking place. 
Wi th c< I ron Carbon will be rep lacing N j. t ragen sinc e the
di ff us ion rates for these s p e ci es in Iron are o r d e r s  of
m a g n i t u d e  faste r than Oxygen and Nitroge n in Niobium, the
r e? a c t i o n c a n t h r e f o r e t a k e p lace a t a m u c h I o w e r t e m p e r a t u r e .
At hi gher  ion doses there is the camplex si tuatio n of a 
hi g h solu t e i n t e rs t i t i a 1 cone en t ra t i oh t og ethe r w i th 1a 11 i c e 
defects. Fro m the be ha viour of the Snoek pe ak s with dose; 
trapping would a p pe ar  to be the dom inant  m e c h a n i s m  gi vin g way 
to p r e c i p i t a t i o n  as the solute c o n c e n trat io n increases  (Little
1 9 7 6 ) .
Pr e c i p i t a t i o n  on the damag e struc tu re will also  result in 
an increase in the size of the p r e c i p i t a t e  at the d e f e c t
c l u s t e r  which is acting as a nuc leati on  site. Such an in cr ease
in c 1uster si ze will be analogous to overaging -of coheren t
p r- ec i p 11 a.tes q i v i n g a r e cl u ction in the hi a r d e n i n g e f f i c i e n c y » 
The mecha ni ca l p r o p ertie s have been obs er ved to d e c l i n e  for- 
im planted steel s q i v e n h i g h i o n d o s e s (I w a k i 3.984, D e a r n a 1 e y
1985).
8.4. D i f f u s i o n .
In sect ion 8.3,1. the b e h a vio ur  of the Snoek peak 
i nd ica tin g the con cen trat ion of Nit rogen in random solid 
s o l u t i o n  pro mp ted the co nsider at  ion of the di f f u s i o n  of 
Nit rogen dur i ng i m p 1an tat i on and subsequent anneaIi ng us i ng a 
s i m p l e  TDt approach. In this section the diffu sion of N i t rogen 
is tre ated wi th a more ac curate a n a 1ysis using fini te 
d i f f e r e n c e  tech niques  to provide? numerical s o l u ti ons to P i ck s 
se co n d  law under c o n d iti on s that do not readily lend 
t h e m s e l v e s  to an ana lytical solution. The d i f f u s i o n  of 
Ni t r o g e n  in Iron will also be treated to allow the p u b l i s h e d  
dat a on Ni tr ogen di s t r i b u t i o n s  after ion im plantation  and we a r  
to be discussed* this will also p r o vide  c a l c ula te d data  with 
which to ev a l u a t e  the two mo del s for the role of Ni t r o g e n  in 
w e a r . □ ne of these mode 1 s p r o poses  th-at Ni t rogen in i t iates 
f a v o u r a b l e  wear conditions? the other pr o p o s e s  en h a n c e d  
d i f f u s i o n  of Nitrogen during wear.
Dur i ng i m p 1an t a ti on the Nit rogen w i 11 be ar r i vi ng i n t he
target materi al at a rate given by the beam current? the
N i t rogen i s then ab 1 e to d i f f use at a rate daberm i ned by the
target t e m p e r a t u r e « The cl i f f u.s i.on can be mode lied by F i cks
sec on cl 3. aw f ot- n on s t ead v s t a t e flow, eq ua t i on 3.09.
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1) U/ c)t = D (div qrad)C
eq u a t i o n  109
or in one d imens ion
C/ ^ t  = D (^  2 C/c);•;*•)
eq u a t i o n  110
where D =: D 0 e;:p (-Q/RT)
e q u a t i o n  111
C o n s ideri ng  the evo luti on  of the imp lanted N i t r o g e n  
p r o fi le each point will be increased by an amount  £C in time 
£t. This will be given by assuming that the dose ar r i v i n g  in 
unit time (the dose rate dr given by equat io n 112') has a 
gauss ion  d i s t r i b u t i o n  about the mean range of the implanted 
i on n
dr =“ B c /en
eq u a t i o n  112
where Be ~ beam current in uA
e = elec tr on  charge 
n = ion charge
The mean range for the implanted ions is taken from the 
LSS theory (Lindhard et al 1963).
Once the co n c e n t r a t i o n  at each point has been u p d at ed 
then the Nit ro gen is assumed to di ffu se until the p r o f i l e  is 
again updated with fresh Nitrogen from the ion beam.
Under t h e s e co n d i t i o  n s e q u a t i o n 10 9 c a n n o t b e is o 1 v e d
analytically., it is therefore  evaluat ed using the finite 
di f f e r e n c e  te c h n i a u e  (Croft et al 1977). The p r o g ramm e used is 
listed in appe nd ix C»
The b o u n d a r y  co n d i t i o n s  are that no flow occu rs acros s 
the targets s u r face and that there is no flow to a depth 
gr e a t e r  than the m a x i m u m  depth considered. This c o n s erve s all 
m a tter  that is implanted into the system.
6. 4. 1. D i f f u s i o n Qf Im p l anted N itrogen In N iobium..
Fi g u r e s  70 and 71 show the calcu la ted d i s t r ibution  of 
implanted Ni troge n in Niobiu m for a beam  curr ent Be = 15 pA 
and t e m p e r a t u r e s  of 630K and 530K. The dif fu sion dat a used was 
D 0 = 0 . 0086 c m 2 /s2 and Q = 145.965 kJ/mol (Powers & Doyle
1959). The blue cur ve  shows the Nitrogen d i s t r i b u t i o n  without  
di f f u s i o n  whilst the red curve shows the d i s t r ibutio n of 
Nitrogen  with diffus io n occuri ng during implantation.
For this data the shape of the ca l c u l a t e d  dif fusio n 
prof i less roughly correspond to the shape of the N lS(p« «*}>A)
17
pr o f i l e  obs er ve d for the doses up to 5 x io N / c m 2 .
The o b s e r v a t i o n s  from the internal friction s t u dies  
indicate that the Nitrogen  is lost from so lution  at the high e r  
doses, p o t e n t i a l l y  diffu sing to the areas of d i s p l a c e m e n t  
damage. Further. the N 15" (p , <x, ) st udies do not indicate that 
the sh ape of the Nitrogen profil e following implanta ti on 
di f f e r s  s u b s t a n t i a l l y  from the ideal ca lc u l a t e d  shape.
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The cl i f f e 1-• ences betwee n the observa t i ons and c:a I c:li I at :i. ons 
could be resolved by
1) e n h a n c e ci d i f f u s i o n
2 ) h i g h e r  t emperat ur e
3 ) trapp inq
Enhan ce d dif fu sion is unlikely as the Nitrogen mi g r ates  
v i a an i n t erst i t i a 1 m e c n a n i s m  and assoc i at i on w i th a v a c a n c y  
would lead to sl ow ing  of the vacanc y Nitrogen complex* 
Further, to get high e r  dif fusion of the Ni tr ogen a 
s i g n i f i c a n t l y  hi gher te mp e r a t u r e  <> 260) cannot be used as 
this would lead to the 8 peaks being anneal ed out during 
i mo 1 an t a t i on .
The most likely cond ition to include into the tiiffusiona1 
model is trapping as this could prod uce changes  in the 
N i t ro gen p r of il e de pe nding on the distribu tion of the trap 
s i t e s «
8 u 4.2. D i ff us i on Q f I m p 1an ted N i t r ooe n In I r a n *
Due to the large volum e of work on the implanta tion of 
Ni 1 1 - og en int o Iron alio vs t h e d i f f u s i on d u ri n a i m p 1an t at i a n 
will a 1so b e con side r e d »
Using the same method as for the Nb-~N system the 
i m p 1an t ed p ro files in a Iron a re shown in f i g u res 
72 and 73« The diffu sion data is given in t a b 1e 13»
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* 2:06
D 0 (cm2 /s) 0 CkJ/moi)
« Iran 0 . 0 0 7 8  79.002 Smit h s  I Is 6 th ed .
Iron 0.91 168.286 Smi thel Is  6th ed «
( 5 0 0 - 8 0 0 C )
Table 13.
I1 can be seen f rom f i au.res 7 2  and 7 3  that the N i t r□ gen
is far more  m o bile  in « Iron than in N i o b i u m  as is to be
e d ec t ed f rom the d i f f us i on da t a . The c a I ou 1 a t i ons demons t ra t e 
t h a t f or' i m p 1 a n t a t; .i o n t e m p e r a t u r e s in the r egion of 3 7 3 K the n 
a gauss ion Ni tro g e n  pr ofi le should not be o b s erve d as; the
Ni tr og en has di f f u s e d  into the target material. For  a Iron the
N i t r o g e n i s r e t a i n e d i n t h e s u r f a c e w i t h o u t a p p r e c i a b 1 e 
m i q rat ion at t e m p e r a t u r e s  up to 3 :i.0i<. In c o mp ar i son of the 
p u b 1 i s h e d d a t a f o r N i 1r o g e n p r o f :i. I e s i n « Iron < De a r n a 1 e y e t 
a I 1979, I w a k i 1984. H e r m a n 19 8:!.. B a r n a v o n e t a 1 1984) a 11
s h o i M i  trogen to be retained in the surfac:e d e s p i t e  rsported  
i m p 1 a n t a t i o n t e m p e r a t u r e s a e a t e r t h a n 2:7 3 1<, 11 i s t h e r e f o r e
su g g ested that the normal behavio ur  is; for Nit r o g e n  to di f f u s e  
dur i ng i mp 1 an t at i on and abno rma I beh av i ou.i- < i . e „ what i s 
observed) is for the Nitrogen to be held in the ta rgets 
surface.
For T  Iron the Nitrogen is observ ed to be retaine d in the 
s u r f a ce i n a n a p p ro x i mateIv g au ss i on d i s t r i h u t i o  n w h i c h 
r e s e m b 1 e s t h e p r o f i 3. e o f the i m p 1 a n ted ions. < S i n g e r & B o 1 s t e r 
(197 9} „ 7 h u. s „ t h e e f f e c t o f t r a p p i n g w i 11 a Iso b e a p p 1 i e d t o
t he i m □ I an t a t i. on o f N i trooen i n <x I r on land &  I ron. |
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6, 4 . 3 14 Mod e 1 1 i n g Of T rapp ino.
T h 0  1 1-'ap s 1 1 0 s may be c □ ns i dered to e v □ 1 ve f r□ rn the 
d i s p l a c e m e n t  dama ge produced  by the ion slowing down. The 
f or m a t i o n  of a modeI wh ich descr ibes the t rapp ing -and 
d et rap pi ng of a Ni t rogen at om at a t rap s i t e w ill, ho weve r , b e 
inde pe ndent of trap type.,
The ch ang e in co nce n t r a t i o n  of trapped at om s will be the 
d i f f e r- e n c e b e t w e e n t h e r a t e of trapping an d t hi e r a t e of 
detr ap pi  n g , eauat i on 114 „
/ V t  = Q>C4_./'c)t ) Q C ^ /  ^ t
equatio n 114
For the rate of trapping there will be a p r o b a b i l i t y  of 
an atom becom:lng t rapped wh :i. ch will be depen de n t on the n u mb er  
o f a t o m s a v a i 1 a b 1 e f o r 1r a p p i n g , i.e. the: f 1 u. x , F , t o t h e
trao. Thus,, c> 0 c> t is given by eanation 115
*bCt / ^ t  = P^F
eq ua ti on 115
w h e r e ~ p r o b a b H i  t y o f t r a p p i n g
The p r o b a b i l i t y  of trapping, P ^  , is a functi on of the
n u m b e r  of si tes avai 1 ab 1 e in the trap and the nu.mber of these
si te s that are occupied, P^ . can be written as
= (N o - M) / M o
eq ua ti on 116
w h e r e N 0 n u m b e r • o f p o s s i b 1 e site s
N = n u. m b e r o f s 1 1 e s o c c u p i e d
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Comb i n i n g equ a t i o n s  115 and 116 t h e rat e of t rappino can 
now be a i ven fo v e□ u.at ion 117
Fr has been derived by Ham 1958 ass
F = 4TtN0RDCf2
w h e r e R = t r a. p r a d i u. s
C = free c on ce ntratio n 
C2 = volume
equation  117
e q u at ion 117a
The rate of de tr apping will also have a. p r o b a b i l i t y  
as s o c i a t e d  with it} this ho we ver is not diff us ion limited* 
C o n s i d e r i n q t h e trap a s a s q li a r e p o tent i a 1 w ell, t h e e n e r g y 
b a r ri er that must be overco me  will be given by the d i f f e r e n c e  
b et ween the energy oi: an a.tom in a 1 a11 ice si te a.nd the e n e r g y 
in a. f ra.p si t e „ equat ion 118
whe re
G.
Q
Q l ” en erg y of a. lattice site
en erg y of a trap sites
eq uat i o n  118
The p r o b a b i l i t y  and rate of detr ap ping will t h e r e f o r e  be 
given bv a B o 11 zmann type exponen ti a 1
K j / 7) t " P jl - const e
-Qfc/KT
eq u a t i o n  119
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The co ns tant in equ ation 119 will be a MaKwe.il Boltz mann  
tyde based on the nu.mher of si tes avai 1 ab 1 e f or an a.tom 
det rappinq and the nu.mber of si tes avai 1 b 1 e f or an atom 
a 1 r e a d y i n t h e trap, i , e , t n e r -a t i o o f Z / S w h e re Z t h go
n um b e r  of sit es per matrix- atom and S = the num ber of trap
sites per t rao „ Fru.r 1 h e r , thi i s w ill be d e p e ndent on thie nu.mber 
of s i tes occupied, N. Thus, equation 119 can now be written as 
eq u a t i o n  1 2 0
"c> C ^ / Z t = (N Z / B ) e x p < — Q & / K T )
equatio n 1 2 0
Subst i tution f or "b C t / T) t and B C i  / Z) t f rom equat i ons 11 ? and 
120 into 114 giv e the final equ ation  for the ch ange in 
cone en t rati on of a toms at a t r a p , eq uati on 1 2 1
c)C'T / t = F (N 0   N /' N 0 )--(MZ / S) exp i-Q^/!<!")
eq ua ti on 1 2 1
Thus, Pi ck s law can be modified by appendin g the
app rop riate t rap ping t e rm as gi ven b e eq ua t i on i 2 1
2» G/ Z)t = D (c>;- C/c) x:- ) - Z>CT/ Z)t
eq ua ti on 1 2 2
In the general case for dif ferent trap types eq uat io n  
1 * 2 2  be co mes
2 >C/ 3 t  = D (c>2 CYc)x2 ) -• z'elC;/ Z>t
!=.l
equatio n 123
where' BC; / t = 4 rc|\|0 DC II (Nj, ~N) /N^ 3 - L<Nz)/S'j exp (--Qg/KT)
An anal ytical solution to equation 123 is not possible,
it is there fo re eval ua ted using the finite? d i f f e r e n c e
t e c h n i q u e (C r o f t e t a 1 197 7) .
Eq u ati on  123 is c o m p l e t e l y  general and can be used to
model any d i f fusing  elemen t through a field of traps. The trap
type has not be tan taken into account in the d e r i vation  of
e q u a t i o n  123, ho weaver, the assumpti on of a square pot enti al  
well will best fit traps such as single or small
s u b s t i t u t i o n a l  solute atom cl u s t e r s  (< 10) and v a c an ci es w h e r e
the tra ppi ng or d etrapp in g atom requires 1 — >3 jumps to e s c a p e  
the trap- The a ss um ption be comes less acc ur ate for ex t e n d e d
trap types such as d i s l o c a t i o n s  and dis lo cation loops w h e r e
th ere  will be an e 1ast i c in teract i on w i th the 1a11 i ce as w i th
fig ure 2- However, for these types of traps the as sumptio n of
the s q u a r e  pot ential can be comp en sated for by using a c a p t u r e  
r adi us R in the flux term larger than the physical sice of the-? 
trap -
8 - 4-» 4, T r a p p 1 n g P a r a m e t e r s -
The formation of the dis pla cemen t damage from an ion 
d i s s i p a t i n g  its kinetic en ergy I has? been discu ssed in s e c t i o n  
2- The mo dellin g of the casca.de has been attempted  by
v a r i o u s  w o r k e r s  (section 2,, 1. ); h o w e v e r , it remains a c o m p l e x  
problem. An a p p r o xima ti on  to the type, sice, co n c e n t r a t i o n  and 
distr.ibution of traps produc ed by disp 1 acement damage mav be 
mad e by cons ider ing the qua 1 i tat i ve aspec ts of the col 1 isi on 
s e a u e n c e  (section 2). From this section the defect types ma y 
be c o n s i d e r e d  to have thei r peak d ist r ibut ions in the sequ.ence
vacancies, c a s c a d e  cores, interstitial clusters, ion, At the 
t e m p e r a t u. r e s o f i m p 1 a n t a t i o n ~ 2 5 0 c C t h e self i n t e r s t i t i a I s 
will be mo bi l e  sectio n 8 .2 . 1 . , 8 . 2 « 2 .« and it is as sume d that
a g d r e 9  a t i o n a n d a n n i h i 1 a t i o n w i 1 1 t a k e p 1 a c e «
T' h e r a d i a t i o n da m age will b e a p p r o x i m a ted b y u s i n 9  t h r e e
trap types in the trapping equations, collaps ed  c a s c a d e  cores,, 
vac an c i es an d small • in t e rs t i t i a 1 clus t e r s „ To m o d e 1 t h e 
i n teerac t ion of these traps with i mp 1 an ted N i t r o 9 en the 
fal lowing p a r a m e t e r s  have to be quan t i f i ed ,1
1 ) thie trap c o n c e n t r a t i o n s
2 ) the t rap rad i us
3) the numtoer of sites / traps
4) t h e t r ap b i n d i n 9  ene r 9  y
5) t h e t r a p d i s t r i b u t i o n
1) Trap concentratians,,
The n u m b e r  of c a s c a d e s  w i 1 1  be taken as b e t w e e n  1 and 1 0 0  
p e r ion, T h i s a 1 1  o w s f o r c a si c a ci e s h r i n k age and the p r o d u c t i o n 
of c a s c a d e s  by pr i m a r y  knock on atoms , The number-' of vacan c i es
w i11 to e t a k en as b e t w een ' 5 0 --- >1000 0  e r ion. F i n a 1 1 y , t h e
number of i n terst i t i a 3. c 1 us ters will be taken as the n u m b e r  of
vacanc ies.
2) Trap Rad i u s .
The ca scad e core is believ ed to have a r a di us of 
a p p r o x i m a t e 1 y 1 0 a (T h o mps o n 1969) . F o r t h e c 1 u s ters a cl u is t e r 
size of 18 is assumed giving an a p p r oxima te  radius  of 3a w h e r e  
a - 1 a11 ice p a r a m e t e r  „ F ina 11 v , -fchie va ca nc y is a s s un ed  to h a v e  
a radius of a / 2 .
3) Nu mbe r Df Sites/Trap.
O f  ail the par a m e t e r s  ne eded the n u m b e r  of s i t e s/t ra p is 
the ha rd es t to q uan t i f v f or-' the ca s c a d e s  and c 3.u.s t e r s , The 
ca s o a d e s  w i 1 1 be assumed to toe s m a 1 1  d i s 1 ocati ons and have 1 0 0  
s i t e s / 1 o o p a n d t h e c 1 u s t e r s i 0  s i tes/c l u s t e r T  h e v a c: a n c i e s 
are ass ume d to have 2  s i t e s /v a c a n c y „
4) Trap B i n d i n g E n e r g y.
A s t h is co n t r o I s t h e r ate o f r e lease it d e t e r m i n e s 
w h e t h e r  the trap will hold a dif fusin g species. T hi s p a r a m e t e r  
can be d e t e r m i n e d  w i th a h i gher deg ree of cer t a i n ty than thre 
p r e v i o u s  p a r a m e t e r s  from se c o n d a r y  data. Thus, the binding of 
N i t ro ge n to c a s c a d e s  and cl usters will be as sum ed to be the 
s a m e a s for b i n d i n g t o a sc rew dis location. For s i n gI e 
v a c a nc i e s t he bi nding en e rgy is t a ken as the ene r□ y b y whi c h 
stage 111 proceeds as th is is proposed to be V N breakup 
(Seeger 1970).
5) Trap D i s t r i bu t .i. on „
'Th is p a r a m e t e r  is reiat i v e 3.y well de fine d and is taken 
from the c a l c u l a t e d  damage pr o f i l e s  p r o du ce d by EDEF. The 
c a s c a d e  c o res are assumed to be co nc e n t r a t e d  in the peak of 
t h e d a m a g e p r o f i 1 e w i t h t h e c 1 u s t e r s 1 o c a t e d a t a g r e a. t e r 
d e p 11" i i n a ccor d a n c e w i t h t h e d e s c r i p t i o n i n s e ct io  n 2 „ T h e 
vacanc i es are assumed to be d i ee-t r i buted broad 1 y over the 
g a u s s i q n p r o f i 1 e .
T hi e v a 3. u e ee f o r t h e s e t r a p p a r a m e t e r s a r e g i v e n i n t a b 1 e
14.
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Pa r a m © t e r
Conc e n t r a t  ion (defects/ion > 
R a dius
S i tes/defect 
Binding e ne rg y N i n Nb 
Bind i n g e n erg y N i n Fe 
Peak depth (Rp = ion range) 
Peak width (cp width of
concent ra tion profile)
irap iype 
iascade core Vacan cv
1 ^  100 50 — >  1 0 0 0
a.
0. 3eV 
0. 15eV( 
2 / 3Rp
1.3 e V b
u, hfev 
1 /2Rp 
1 „ 2'5<:?v
,b
C 1 ust e r 
50 — M  0 0 0
O
1 0 A 
1 0  
0 . 3 e V b 
0 . 15eV°' 
3 / 4Rp 
1 3crf
"or 150 KeV M in Nb Rp ~ 100OH
CPf 800M
Table 14,
a )Boone & Wer t 1963 b ) See ge r 1970 c ) Has i gu. t i e t a 1 1968)
8,4.5, Modelling Of D i f fusion Of Implanted M i t roq en In N i o b i u m
l-’-J 1 1 h T rapping.
The introduction of trapping terms into the normal 
di f f u s i o n  equation does not pr oduce  a marked ch an g e  in the 
di f f u s i o n  profile for Ni obium at' the highest p r o p o s e d  
im plantatio n tempera t u r e f  i g u r e , 7 i . A c 1 earer rep resen t a t i on 
of the beh av io ur of Nit rog en during implantation is g i ven by 
figures 74 to 76 where the total free c o nc en tration  is p l o t t e d  
as a function of dose at va ri ous  tem perat ur es and d a m a g e  
cone e n t r a t i o n s . "I" he e q u i v a 1 e n t a - F e and ~ F e t e m p e r a t u r e s a r e 
als o shown, these will be discussed  in section 8.4.6. in these?
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Figure 76« Total Free Concentration Of' Nitrogen With Dose For
Different Temperatures With High Levels Of Damage.
f i q u r e s t h e c a l c u l a t e  d v a 1 u e s -a r e c o m p a r e d w i t h t h e r e s u 1 1  s
0 b t a i n e d b v inte r n a I friction. F o r a i o w d a m age c o n c e n t r a t i o n ,
1 0  I o o p s /c 1 u b t e r s  per i o n . with a peak concen t rat ion at a 
depth of R p / 2  a high d i f f u s i v i t v  is req uired to p r o duc e 
trapping on the d i s p l a c e m e n t  damage. As the d i f f u s i v i t v  is 
i n c: re as e d t h e c r i t i c a I c o n c e n t r a 1 1 o n o f N i t r o g e n i n s o I u t i o n 
rnoves to 1 ower doses.
The internal friction obse r v a t i o n s  show that the critical 
c o n c e n t r a t i o n  oc curs  at 1 x 1 0 17 Ncm “2. The m a g n i t u d e  of this 
c u rve c an b e approxi ma t ed bv i n c r e a s i n □ t he damaq e 
c o n c e n t r a t i o n  to 1 0 0 0  loops / clu st ers per ion, this has the 
effect of 1 owe r i n q t h e m e a n 1 r a p sit e |\i j. t r o q e n a t o m 
separat i o n . N i t rog en  i s theref ore able to u n d e r g o  t rapn ing i n 
the imp lan t ait ion pr o f i l e  without long range migration. This
trapping will a.Iso .'increase the mean , sepa ratio n of Nit r o g e n  
in so I u 1 1 on and retard the onset of p rec ipitat ion mak ing 
homog en eous pr e c i p i t a t i o n  an unI ike Iy even t .
It is th er efore apparent that during ion impl an tation the 
N i t r o gen is i n c l ose  assoc i ati on w i t h i t s own di s p l a c e m e n  t 
damage,.
8.4.6. M o d e 1 1 ina Qf Pi f fus ion Of 1m p 1anted Ni t roqen 1n I ron
WJJbh T r a pp i nq .
The s i m i l a r i t i e s  between the diffusiviti.es for zf" ~Fe and 
Ni.ob ium a 1 1  ow the same h y p o thes is  to be ex tended to inc Iude 
It is the re fore po ss ible that in order to attain good
mec han :i. c a 1 p roper t ies, sec t i on 8.3.6., mat er i. a 1 s h av i ng 1 ow
d i f f usi v i ty under impIan tat ion condit ions shouId  be post
im pla nt at ion ann ea le d to allow the Nitrog en to associa te  with 
t hi e dam a q e „ F o r <x - F e t h e imp! a n t a t ion p r o f i 1 e can b e c h a n g e d 
d r a m a t i call y w i t h t h e N i t r o q e n a b 1 e t o u n d e r q o I o n g r a n g e 
d i f f us io n into the da mage prof ile leaving little free 
N i troge n , fig u r e 7 7. T his can also b e s e e n f r o m f i q u r e 7 4
\fo
w h e r e t h e N i t r o q e n r e a c h e s a p e a k c o n c e n t r a t i o n a t 3 y, ‘10 N a t 
3 5 3 K . For i m p 1 antat i on cond i t ions at or above  this temp erature  
an i n terna 1 f r i c t i on peak i s u.n 1 i ke 1 y to be obs er ved i n «~F'e 
as was the case in the only internal friction stu dy of ion 
im pla nt at ion (Hu et al 1979).
6  - 4 „ 7 „ Cone 1 us ions.
1 ) Without t r a p p i n q a t t e m p e r a t u r e s a b o v e 373!< N i t r o g e n i s n o t 
retain e d in t h e s u r f a c e o f ox - F e as it d i f f u s e s r a p i d 'i y into 
t h e b u 1 k J t h i s i s n o r m a 1 d i f f li s i o n a 1 b e hi a v i o u r .
2 ) 1 n if i ob iu.m cond i t i ons of h i qh t rap densi t y « 1 0 0 0
loops / c 1 u s t e r s p e r i on, a n d I o w temp e rat u. r e „ 5 3 0 i<, p r o v i d e a 
r e a s o n a b 1e a p p r o x i m a t i o n  to the internal fricti on results. The 
same critical d ose cond i t i on c an aIso be r ep rod uc e d an d 
c on 1 1-o 3.1 ed f o r d i f f e r en t t emp e r a t u re t rap c ombin a t i on s »
3) Ihe nor ma  1 ci i f f us i v i ty of N i t rogen i n a-• Fe can be modi f i ed 
by the inclusion of trapping into a d if fusion al  model. The 
c a l c u l a t i o n s  d e m o n s t r a t e  that very little free N i t rogen 
r e m a i n s i n s o 1 u. t i o n a t i m p 1 a n t a t i o n tern p e r a t u r e s a b o v e 3 7 3 K „
4) I n t e r n a 1 f r i c t i o n p e a k s d u e t o N i t r o q e n i n oc F' e w o u 1 d b e 
v e r y w e a k a n d v i r t u a 1 1  y u n r e s o 1 v able f o r i m p 1 a n t a t i o n
t e m p e r a t u r e s  above 3 5 3 l< „
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Figure 77* Calculated Nitrogen Profile For Diffusion In oC-Fe During
Implantation With Trapping.
9. General uonclusions,
1) The re laxation st r e n g t h  of interstitial point de f e c t s  
gi ving a Snoek re la xat ion is not influenced by alterin g the 
po s i t i o n  of the defect in a strain field and thus does  not 
a 11e r the Snoe k peak height.
2) The a b s e n c e  of d i s l o c a t i o n  re laxation peaks follo wing ion 
i mp la ntatio n indi cat es that the averag e d i s l o c a t i o n  s e g ment 
lengths are bel ow 2xlo'7m.
3) R e o r i e n t a t i o n  of self interstitial defect cl u s t e r s  is 
pr o p o s e d  for the relaxations. The ir b e h a v i o u r  with dose and 
the a b s e n c e  of d i s l oc ation r e l a xa tions is taken to indicat e 
that the lattice da ma ge  has a tenden cy to c o n d e n s e  as small 
c l u s t e r s  of self interstitials, the v a c a n c i e s  bein g v i r t u a l l y  
imm ob ile at the implan tation t e m p e ra ture of ~ 530 K.
4) The implanted Ni o b i u m  s u r fa ce remains c r y s t a l l i n e  up to a
17
dose of 5x10 N o n 2 .
5) S e c o n d a r y  impurit ies can be introduced from a surfaice film
du ri ng  implantat i o n . In this work Oxyge n is intr oduced into
the Niobium. This b e c omes  part i t i o n e d  be tween trap s i t e s
cr e a t e d  by the incident Ni trog en  ions and o c t a h e d r a l 
inte r s t i c i e s  in the N i o b i u m  lattice.
6 ) During an ne aling  p r e - i m p l a n t e d  Nitrogen is removed from 
sol ut ion by di f f u s i o n  to trap sites where it can a lso  rel ease 
the trapped Oxygen back into solution.
7) A model has been d e v e lop ed  to describe the d i f f u s i o n  of 
i mp 1 an ted N i t rogen with t rapp i n g , this is; g i ven b y :
^ C / ^ t  = D 0  2 C/^x* ) -Z (dC;/dt>
I -1
wh er e 1 C; /b t = 4tcN;R i DC CN ’ -N /N^ 1 - (N ’ Z /S' ) exp < --Q ^ / K T )
The s y m bo ls are defi ned in section 8.3.3.
8 ) Using the di ffusiona l model the form of the e x p e r i m e n t a l  
o b s e r v a t i o n s  for Nit ro gen retained in solid so l u t i o n  with dos e  
has been reproduced. This curve is s e n sit iv e to d i f f u s i v i t y  
and trap concentration.
9) The model has been applied to BCG and FCC Iron. This has 
shown that for implantation tempe ra tures above 373K for B CC 
Iron the implanted Nitrogen is only retained in the s u r f a c e  
due to its a s s o c i a t i o n  with lattice defects.
1) T r a n s m i s s i o n  El e c t r o n  M i c r o s c o p y  and w i n d o w l e s s  EDAX 
a n a l y s i s  s t u di es on implanted N i o bium to d e t e r m i n e  the da mage 
d i s t r i b u t i o n  and its r e l a ti on ship to implanted Nitrogen. This 
wo uld pr o v i d e  be tter input data for the tr appin g model.
2) D e v e l o p m e n t  of the the model to incl ude w ear and the 
i nf lu ence of r ep la cemen t detra pp ing on s o l u t e  diffusion.
3) F u r t h e r  internal friction st udies in the kHz freq uency 
ran ge to i n v e st ig at e the ch an ge  in the n u m b e r  of d i s l o c a t i o n s  
and their av e r a g e  node  length , i.e. pinning condit ions, during 
and af ter implantation.
4) Dual ion im pla n t a t i o n s  of Nit ro gen with a metal ion studie d 
by R u t h e r f o r d  back s c a tt er  ing, N oc, if) and internal friction. 
This would p r o vid e useful information on the d i s t r i b u t i o n  of 
the metal and N i t ro ge n in the lattice t o g e t h e r  with their 
interact i o n «
5) Internal friction and wear s t udies on N i o b i u m  as a model 
s y s t e m  to test the influence of defect  i n t e r a c t i o n s  on the 
wear properties.
6 ) Low t e m p e r a t u r e  imp lantation studies on «~Fe to relate 
internal fricti on o b s e r v a t i o n s  to wear o b s e r v a t i o n s  in the 
1 i t e r a t u r e „
 ^f"\ nr
Ap p sn d i x A_„
Many of the read ily av ailabl e m i c r o c o m p u t e r s  do not 
p o s s e s s  the feat tires of speed and mu lt iple out port ports. For 
these re a/sons a to tal ly dedicated high speed data, col l e c t i o n 
and control unit was desig ne d and built. The s y stem was bas ed  
o n t h e 1 n t e 1 b u s s t r u. c t u r e and all t hi e i n p u t o u t p u t c h i p s a s 
well as the m i c r o p r o c e s s o r  co nformed to this structure. The 
m e rn o r y c h i p s a n d c o n nes ting logic chips  w e r e u n i v e r s a 1. A 
Zilog Z80A m i c r o p r o c e s s o r  which was run at 4.0 MHz by the 
s y s t e m c: 1 o c k w a s u s e id t o p r o v i d e the p r o c e s s i n g f a c i 1 i t v , t h i s 
a d d r es se d 2166 byt es  of me mory and four output ports.
A f t e r p o w e r w a s ap plied to the s y s t e m a n d i t hi a d r e c e i v e d 
a h a r d w a r e  reset pul se the Z8 0 A star ted execut i ng the 
in s 1 1 "-uc t .ions storecl i n inemorv. The mem ory map is shown in 
f i gu.re A 1 and sho ws thie areas oc cup ied foy the miera code 
p r o g r a m m e  in ROM and the data in RAM. For the RAM the 128 
by tes were d i vi ded in to three req ions, top f or s y s t e m  
variables, bottom for the stack and the central portion for 
thie data „ "i"he RAM top stored the magnet pul se durat i on and thie 
m i n i m u m  and maximum am p l i t u d e s  for the p e n d u l u m  these oc c u p i e d  
f i xed am ou nts of s t o r a g e „ The stack in the b o 1 1 om of the RAM 
is a first in last out arran gem ent and is m a i n l y  used for- 
storing v a r i ab le s and the location of m e m o r y  from whi ch a 
su b r o u t i n e  call is made. Here it can be seen that the stack is 
a dynamic area of s t o rag e and will take memory space from the 
b o 1 1  o m li p w a r d s . F o r t h i s r e a s o m t h e p r o g r a m m e m u s t b e w r :i. 1 1  e n 
so tha t the s t ao k does not overwr i te data wi th s tac: k 
inf or mat i o n . This left the cent rail portion of RAM to act as a
MEMORY 
LOCATION 
0000
RESET LOCATION 
0001 F0R Z80A
niCRO CODE 
PROGRAMME 
FOR Z80A 
SYSTEM
2048
2050
2052
2 1 7 8
MAGNET PULSE
MAXIMUM
AMPLITUDE
MINIMUM 
20541 AMPLITUDE
DATA
STACK
2718
EPROM
V
A
RAM
Figure Aj. Memory Map For The Z80A System.
temporary storage buffer tor experimental data- When
su f f i c i e n t  da t a  had been c o l l ected it was then outpu t via the
U 8 ART serial p o r t »
The four ports in the Z80A system were pr ovide d by an 
8251 U n i v e r s  a 1 A s y n c hi r o it o u s R e c e i v e r T r a n s m i 11 e r (LJ S A R T ) a n d 
an 8 2 5 5  Para 11 e 1 Per i pit era 1 I n t er face (P P I ) „ These t wo d ev i ces 
con tain the! r own i n terna 1 con t ro 1 wit i ch al io w s  titem to be 
c o n f i g u r e d i n a n u m b e r o f w a y s „ F r o m t h e p u b 1 :i. s it e d data s it e e t s 
on the se two d e v ic es (INTEL 1980) they were c onfi gu red such
t It a t t It e i r c h a r a cte ri s t i c s w e r e t i"i o s e o f table Al.
D e v i c e  Port
0
8244 
(PPI)
8251
(USART)
3 (upper) 
3 (1o w e r ) 
1 0  
1 1
1-unction 
I n t e r n a 1 c o n t r o 1 r e g i s t e r „
Four lines from light sw i t c h e s  one line 
t e m p e r a t u r e s t a t u s „
Eight 1 ines t e m p e ra tu re input 1 0  units.
Fo u r 1 i n e s t e mp e ra t ur e i npu t 1 0  0
Two lines magnet output
I n t e r n a 1 cont roI reg i ster / status
T r a n s m i t ■ t e r a n d r e c e i v e r r e q :i. s t e r
Table Al.
The PPI cont ro lled the reading of the light ac tivate d
switches, t e m p e r a t u r e  and the pulsing of the m a g n e t s » All of 
the input and output ports of the F'PI were  e l e c t r i c a l l y
p r o t e c t e d  from the external d e v ices by buffers, these
p r e v e n t e d p o t e n t i a 1 1  y d a m a g i n g v o 1 1  a g e s p i k e s r e a c hi i n g t h e
se n s i t i v e  integrated circuits. For the USART fur ther suppor t 
d e v ices were needed that p r o vided  a set tran smiss io n rate, a. 
baud rate for data t r a n s mi ss ion and a conv ersio n circuit that 
con ve rt ed from 0--5V to 0 - 2 0mA. The data, from the 2BOA s y s t e m  
was co nverte d from 8  bit par a 13.eI data into seria 1 data bv the 
U S A R T . T h i s s e r i a 1 d a. t a. w a s t h e n t r a n s rn i 11 e d a t a r a t e 
d e t e r m i n e d b y t hi e b a u d rate g e n e r a t o r w i t h t h e i n c 1 u s i o n o f 
s t o p a n d s t a. r t bits. T o c o m p 1 e t e t h e i n t e r f a c e w i t h a t y p e 3 3 
tele ty pe  the serial data was converte d from a logic of 0 to 5V 
to one of 0  ta 2 0 mA as this is an industry sta.ndarcl for data  
t r a.n sm i ss i on an d r ecep t i on .
Four types of external device  were interfaced to the ZSOA 
m i c r o c o m p u t e r  system. The light activated s w i tches used to 
detect the laser beam produc ed  a 0 - 5 V bi nary 0  or 1 output in 
re spo n s e  to the laser beam and were simply interfaced to the 
s y s t e m . A s i m i 1 a r s i t u a t i o n e x i s t e c i f o r t hi e C R i_ t y p e 2 0 5 
t e m p e r a t u r e r e a. d e r wh i c h produc  es b i n a r y c o d e d d e c i rn a 1 ou t p u t 
with a data valid bit. For the magnets;., the Z80A had to
c on t r o 1 t hi e? sw i t c h i ng of a 5 A 3 0 V 1 oa.d by r e 1 a vs wh i c hi usied a
120 coil to close the relay. The Z80A system could not p r o v i d e  
s u f f i c i e n t d r i v e f o r t hi e s e r e 1 a y s and s m a 11 e r 0 - 5 V c o m p a t i b 1 e 
relay s were used to p r o vide  the interface. These small relays 
also provid ed isolation from the high v o ltage  inductive  loads-.
The ass em bly language p r o g r a m m e  was exec uted by the ZSOA 
in a c c o r d a n c e  with the flow di a g r a m  shown in figure 36, an
a n n o ta te d 1 ist ing is also gi ven at the end of this seo t i o n .
The? most important parts of this pr ogramme  are those which 
contai.n the t iming loops as thev de?terrnined the t ime of swing
of 
pose 
act n 
is i
the pendulum.. The loops therefore? had to be as 
i.ib 1 e tcd gain the ma xim um  sampli ng  speed of 
Ivated switches.. In the pro gr amme listed here the 
;imed to ± 7 jj.s  and the data time period to ±7ji„
short as 
t h e 1 i g h t 
f requency
Z*80 Assembly Language Programme For Experimental Control*
NOP ;Waste time to allow the system to initialise.
** INITIALISE STACK AND PERIPHERAL CHIPS
LD SP,880 ;Set location for stack.
LD A,9A ;Mode word for 8255 Parallel Peripheral Interface (PPI).
OUT (3)»A jOutput mode.
LD A, 00 j Clear A.
OUT (2),A jClear outputs of PPI,switches off magnets.
LD A,CE ;Mode word for 823l Asynchronous Receiver Transmitter.
OUT (OB),A ;
LD A,27 ; Control word for 825l
OUT (OB>,A
** CLEAR Ram BY LOADING ZERO INTO ALL LOCATIONS 
LD A, 00 ; Clear A.
LD DE,80 ;Set DE to RAM top.
LD B,80 ;Set count.
RAMCL LD (DE),A ;Load locations DE with A which is zero.
INC DE ;Increment pointer DE to next location.
DJNZ RAMCL ^Decrement counter B on loop if not zero.
**SET CONDITIONS FOR MESSAGE
LD DE,86A ;Load DE with the RAM location for the recorded data.
LD (802),DE ;Store this in location 802 and 80i.
LD HL,C0PY1 ;Set address.for first output.
LD B,29 jSet count.
CALL MSGOUT jCall subroutine.
CALL SPACE ;Call subroutine.
LD HL,C0PY2 ;Set address for second output.
LD B,29 ;Set count.
CALL MSGOUT ;Call subroutine.
CALL SPACE ;Call subroutine.
LD HL,C0PY3 ;Set address for third output.
LD B,29 ;Set count.
CALL MSGOUT ;Call subroutine.
CALL SPACE jCall subroutine.
CALL SPACE ;Call subroutine.
TTYP LD HL,MSGCRl ;Set address for the message to be output.
LD B,28 ;Set count.
CALL MSGOUT ;Call subroutine.
CALL DATAIN ;Call subroutine to input data from terminal.
CALL INPUT ;Call subroutine.
CP 52 ;Test for continue character.
JP Z,TTYP ;Continue if matched.
LD (80R) ,DE ; St ore input oata in RAM.
LD HL,805
CALL CHK ;Echo input data as check by reading back from RAM.
CALL SPACE
LD HL,MSGCR2;Set address for the message to be output.
LD B,D ;Set count.
CALL MSGOUT ;Call subroutine.
CALL DATAIN ;Call subroutine to input data from terminal.
CALL INPUT
CP 52 ;Test for continue character.
JP Z,TTYP ;Continue if matched.
LD (800),DE ;Store data in RAM.
LD HL,60l
CALL CHK ;Echo input data as check by reading back from RAM.
CAhL SPAL.E
LD
LD
CALL
call
CALL
CP
JP
LD
LD
CALL
CALL
CALL
CP
JP
JP
HL,MoGCR3;Set address for the message to be output
B,15
MSGOUT
DATAIN
INPUT
52
Z,TTYP
(806),DE
HL,807
CHK
SPACE
INPUT
53
Z,LASEND
TTYP
;Set count.
Test for continue character. 
Continue if matched.
Load data into RAM.
Echo input data as check.
;Test for final continue character.
;If true then continue by jumping to LASEND. 
;If false then jump to TTYP.
** TEST FOR BEAM POSITION AND DIRECTION
LASEND IN A,(l) ;Load A with port 1 ,the light activated switches (LAS). 
BIT 1 ,A ;Test switch 1 is on giving a central beam.
JP Z,LAS2 ;Jump if central.
IN A,(l) jLoad A with LAS.
BIT 3>A ;Test if switch 3 is on giving the beam at max. amplitude
- left, hand side.
JP Z,LHSID ;Jump to LESID if the test is true.
JP NZ,LASEND;If false jump to retest and repulse.
** ROUTINE THAT PULSES THE MAGNETS TO DRIVE THE PENDULUM INTO OSCILLATION
LAS 2
LASEN
LAS1
INSTART
5 6
57
S9
LD
CALL
JP
LD
OUT
IN
BIT
JP
IN
BIT
JP
JP
LD
CALL
LD
OUT
JP
LD
LD
IN
BIT
JP
IN
BIT
JP
DJNZ
DEC
JP
JP
IN
A, 02 
PULSE 
Z,LHSID
A, 00 
(2),A
A,(1)
1.A
Z,LAS1
A,(1)
3,A
Z,LHSID 
NZ,LASEN 
A, 01 
PULSE
A, 00 
(2),A 
LASEND 
C,FF
B,FF 
A,(1)
0,A
Z,S9
A,(1)
2,A 
Z,S10 
S7
c
NZ,S6
LAsEND
A ,(1 )
;Load A with magnet control word.
;Pulse magnets.
;If the zero flag is set on exit from pulse the max. 
amplitude is reached, jump to LHSID.
;Clear A.
;Switch off the magnets.
;Check beam position.
;If at centre jump to LAS1 •
;Recheck beam for max. amplitude.
;;If max. amplitude then jump to LHSID.
;If no beam detected loop by jumping to JjASEN.
;When beam at centre repeat magnet pulse for alternate set
Clear magnets.
Repeat pulsing and testing.loop.
Load counters to a high count this prevents the programme 
from hanging if the beam has stopped.
•t
;Load from light switch port.
;Test for LHS switch on.
;If off then continue.
;Load from light switch port.
;Test for EHS switch on.
;If off then continue.
;Decrement count.
;Loop if non zero.
;If count falls to zero jump to start beam from centre. 
;Load from light switch port.
BIT 1 ,A Test if beam is now on centre.
JP L,S13 If on centre jump.
IN A,(1)
BIT 3,A
JP Z,LHSID If on max. amplitude jump.
JP NZ,S9 Loop to test switches.
S13 LD
CALL
A, 02 
PULSE
Load magnet control word.
JP Z,LHSID If flag set for max. amplitude from pulse jump.
LD A, 00 Clear A.
OUT (2),A Switch off magnets.
S 1 0 IN A,(1) Load light switch port.
BIT 1 » A Test for centre.
JP Z,S12 If centre jump.
IN A,(1) Load light switch port.
BIT 3,A Test max. amplitude.
JP Z,LHSID If max. then jump.
JP NZ,S10 Loop to detect centre.
S 1 2 LD
CALL
A, 01
PULSE
Load magnet control word.
JP Z,LHSID If flag set then jump.
JP S 9 Loop if failed.
S11 IN A , ( l ) Load light switch port.
BIT 2,A Test for beam on RHS.
JP NZ,S11 Loop.
** BEGIN DATA COLLECTION
LHSID LD A, 00 Clear A.
OUT (2),A Switch off the magnets.
CALL TEMPIN Read temperature.
CALL FREQ Read frequency.
LD B.E Load B with the number of oscillations to be recorded.
PUSH BC Store on stack.
STARTAGN LD HL,0000 Clear.
MAX LD BC.0000 Clear.
** DETERMINE THE BEAM DIRECTION AND RECORD THE TIME 0? SWING
MAXMP IN A,(l ) jDetermine if beam at centre.
BIT 1 jA f
JP NZ,MAXMP ;Wait and loop if not.
MAXMP1 IN A*(l) j After centre LAS triggers when switch 0 is on then the beam is
travelling left to right.
BIT 0,A
JP NZ,MAXMP1 Loop until switch 0 is on.
MAXMP2 IN A,(1) After position and direction are found start count.
BIT 0,A Wait for swith to go off.
JP Z.MAXMP2 When off continue as beam is travelling to its max. amplitude.
INC
IN
BIT
BC
A,(l)
0,A
Counter to time the return of the beam to switch 0.
JP NZ,MAXMP3;When beam returns to switch 0 continue.
** CHECK TO SEE IF THE AMPLITUDE IS GREATER THAN THAT PRESET FOR THE EXPERIMENT
LD A, (805) ,Load A with high byte of preset max. swing time.
CP B iTest.
JP it, MAX
JP P,AG If greater than preset value then remeasure.
LD A, (804) ,Load A with low byte of preset max. time.
CP C ;Test
JP M,MAX ;If greater than preset value then remeasure.
AG LD BC,0000 ;Clear BC to remove old count.
Ad IN A,(1) ^Determine beam position to be moving left to right.
BIT 1 *A
JP NZ, AGi
AG2 IN A,(1)
BIT 0,A
JP NZ, AG2
A&3 IN A,(1) ; Start count when the beam passes switch 0 as the beam is
travelling right to lett.
BIT 0, A
JP Z,AG3
AGR INC BC
IN A,(1)
BIT 0,A
JP NZ, AGif ;when count complete and beam back at LHS switch continue.
LD A,4C ;Load A with character L.
CALL RAMLD ;Call subroutine to load recorded data into the RAM.
RriS LD BC,0000 ;Repeat counting loop for RHS after clearing the old count.
AGR1 IN. A,0) ;First check the direction.
BIT 1 >A
JP NZ , A&A1
AGR2 IN A,(1)
BIT 2,A
JP NZ,AGR2
AGR3 IN A,(1)
BIT 2*A-,
JP NZ, AGR3
AGRA INC BC ;Start count as the beam passes switch 2 as the beam is travell-
left to right.
IN A,(1)
BIT 2,A
JP NZ, AGRR
LD A,32 ;Load A with character R.
CALL RAMLD jCall subroutine.
POP BC ;Fetch oscillation count from the stack.
DEC B ;Subtract one from vount.
JP Z,OUTAES ;Test if zero,if zero go to OUTRES.
PUSH BC jRestore oscillation count to the stack.
** ROUTINE TO WAIT FOR TEN CYCLES BEFORE RECORDING MORE DATA
LD B,A ;Load B with count.
CYCDEL IN A,1
BIT 0, A ;Test for beam on the right hand side.
JP NZ,CYCDEL;Loop if not.
CYCDEL1 IN A,d) ;When beam at left hand side wait for return to right hand side
BIT 2,A :Test for right hand side.
JP NZ,CYCDEL1 ;Loop if not.
DJNZ CYCDeL ;If at right hand side subtract from counter and loop to
CYCDEL if the count is not zero.
LD 3C,QQ0Q jAfter 1 Oth count clear BC.
JP AG1 ;Jump to AGi to restart counting.
OUTReS LD C,E ;If all oscillations recorded start output of results.
LD HL,86A ;Set pointer to RAM location for start of data.
SET1 LD B,2 jSet count.
KLD1 LD A, 30 jLoad A with 30*3 is the character set nibble.
RLD ;Shift high nibble from HL location to low nibble of A and put
low nibble of A into the low nibble of the HL location.
CALL OUTPUT ; Output character in register A,this is a composite of 3 which
determines the character type and the value of the high nibble
of data in location HL.
RLD ;Repeat rotation to get low nibble.
CALL OUTPUT Output character.
DEC HL Decrement counter.
RLD Rotate to get high nibble.
CALL OUTPUT Output the resulting character.
RLD Rotate to get low nibble.
CALL OUTPUT Output result.
LD A,20 Load a space character.
CALL OUTPUT Output character.
DEC HL Point to next RAM location.
LD A,(HL) Load A rrom the HL RAM location.
CALL OUTPUT Output the character.
LD A, 20 Load a space character.
CALL OUTPUT Output the character.
LD A, 20
CALL OUTPUT
DEC HL ;Decrement pointer.
DJNZ RLD1 Decrement character counter if count is not zero loop back 
to RLDi •
LD A,OA :Line feed.
CALL OUTPUT
LD A,OD ;Carriage return.
CALL OUTPUT
DEC C Decrement count for data set.
JP NZ,SET1 If not zero jump to SET1.
LD DE,86A Load DE with the location for the start of the data.
LD (802),DE Load location 802 with DE,this is the location to start 
loading the new data.
CALL TEMPIN ;Measure temperature.
CALL FREQ Measure frequency.
LD A, 24 Put termination character in register A.
CALL OUTPUT
LD A,OA •Line feed.
CALL OUTPUT
LD A, OD Carriage return.
CALL OUTPUT
JP INSTART Jump to restart the data collection.
HALT
Subroutine RaMLD moves the~recorded data and stores as 
SUBROUTINE RAMLD J" blocks with a field character alter each block.
ENTRY OSCILLATION COUNT IN BC FIELD COUNT IN A
EXIT NOTHING- SPECIFIC,DATA STORED AS 2 DATA BYTES + 1 FIELD CHAMBER
•>
lAMLD LD (870),BC ;Store 2 byte oscillation count in location 870,871 •
LD DE, (802) ;Load DE with final target address for oscillation count,
LD BC,0002 ;Load BC with value for block load instruction.
LD HL,871 ;Load HL with address of oscillation count in location 870,871 •
LDDR ;Block load location HL to location given by DE and decrement
counte r and value of location in DE.
LD (DE),A ;Load location given by DE value with value in A.
DEC DE ;Decrement DE register ready for next call to subroutine.
LD (802),DE ;Reload the value of DE into 802.
RET ; Return.
JSC*#***###
* SUBROUTINE MSGOUT *
* INTRY COUNT IN REGISTER B
MSG LOCATION IN HL 
NOTHING SPECIFIC
Subroutine MSGOUT outputs a sequence of characters from 
location M to M-tN where N is the number of characters. 
MSGOUT calls subroutine OUTPUT.
*
*
*
*
#
*
MsGOUT
EXIT
LD
CALL
INC
DJNZ
RET
A,(HL) ;A is loaded trom the eprom location pointed to by HL. 
OUTPUT ;Output character.
HL ;Increment pointer.
MSGOUT ;Decrement count.
;Return if all output.
| SUBROUTINE DATAIN *
# # fc # & * £ at: *: * Jf « * * * * * * * # * # $ * *
| ENTRY NOTHING SPECIFIC
*
*
*
Subroutine DATAIN reads in data typed at the terminal.
EXIT DE CONTAINS 2 BYTE INPUT
DATAIN LD
CALL
CALL
LD
CALL
AND
ADD
LD
CALL
CALL
LD
CALL
AND
ADD
LD
RET
DE,OOOO
INPUT
BYTE
D, A 
INPUT 
OF 
A,D
D, A 
INPUT 
BYTE
E,A 
INPUT 
OF 
A,E 
E,A
;Clear DE.
;Input character.
jAs only need low nibble of data,put low nibble to high and 
zero low nibble.
;Swap A to D.
;Input character.
;Clear high nibble of A.
;Put high and low nibbles together.
;Put the assembled byte to D.
;Input next character.
;Do same for E register as has been done for D.
;Having assembled two byte character in DE then return.
j* £ X: # $ £ * # * * ♦ * ajt * * £ sjt #  * * # * j); # sfc *
* SUBROUTINE CHK %
* J>c * # * >r * * # ❖ # ❖ # * £ fc *
*
*
L
Subroutine CHK echoes the input data from the terminal 
back to the terminal to verify data.
OUTCxiK
ENTRY DATA ADDRESS IN HL
EXIT NOTHING SPECIFIC
LD B,2 ;Load count.
LD C,2
LD A.^0
RLD ;Rotate character high nibble
call OUTPUT
RLD
CaLL OUTPUT
RLD
DEC HL ;Decrement memory pointer.
DJNZ OUTCHK ;Check if complete.
RET ;Return.
* * £ £ * * * * * * * * * * * * * * * * * * * * * *
| SUBROUTINE INPUT J 
* * * * * * * * * * * * * * * * * * * * * * * * * *
* IN TRY NOTHING SPECIFIC*
*
*
*
INPUT
Subroutine INPUT controls the reading of the characters 
from the terminal via the 8251 chip.
EXIT INPUT DATA IN A
IN
AND
JP
IN
RET
A,(0B) jRead input port status of 8251 •
02 ;Test status.
Z,INPUT ;Repeat if 0,if 1 then data valid.
A, (Oa ) ; Load A from input port when data valid.
************************** Subroutine BYTE shifts the lower if bits of A to higher if 
£ SUBROUTINE BYTE * bits and puts the old higher if bits to the lower if bits.
g* ************************
* ENTRY DATA IN A
* EXIT LOW NIBBLE TO HIGH IN A
*
BYTE AND OF ; Clear high nibble by logical AND.
LD B,if jSet count.
ROTATE RRCA ; Rotate.
DJNZ ROTATE ;If not done repeat.
RET
g************************* Subroutine SPACE outputs a blank character.
% SUBROUTINE SPACE %
* * * * * * * * * * * * * * * * * * * : * * * * * * *
* ENTRY NOTHING SPECIFIC
* EXIT NOTHING SPECIFIC
*
SPACE LD A, OA
CALL OUTPUT 
CALL OUTPUT 
LD A,OD 
CALL OUTPUT 
RET
Sj;** * * * * * * * * * * * *  * * * * * * * * * * *
s SUBROUTINE FREQ %
* * * * * * * * * * * * * * * * * * * * * * * * * *
* ENTRY NOTHING*
*
Subroutine FREQ determines the frequency of oscillation 
over 5 oscillations.
FREQ
R01
R02
R003
R03
EXIT FREQUENCY COUNTED TO 32 BIT ACCURACY
LD
LD
LD
EXX
LD
IN
BIT
JP
IN
BIT
JP
EXX
IN
HL,0000 
DE,0000 
BC,000l
B,05 
A»(l )
A , ( l )
0, A
NZ,R02
A , ( 1 )
Clear
Clear
Set
Exchange internal Z80 for their mirrored set.
Set number of oscillations.
Load the status of the light activated switches.
Test position at right hand side.
Continue if here.
Load the status of the light activated switches.
Test position at left hand side.
;V/ait until at left hand side,the beam must now be travelling 
from right to left.
;Bring back the registers.
jLoad the status from tne light activated switches.
ROif
R004
R05
SWLOP
BIT 2,A ;Test.
JR Z,ROR ;If-active fast jump,(jR instruction takes less time
JP instruction.)
ADD HL,BC »
CALL C,HIBYT ;Call if arithmetic cariy to next eight bits.
JP R03
ADD HL,BC Increment counter.
CALL C,HIBYT Call if arithmetic carry.
IN A,1 Load the status of the light activated switches.
BIT 0,A Test position.
JR Z,RO 5 Jump if O.K.
ADD HL,BC Increment counter.
CALL C,HIBYT Call if arithmetic carry.
JP ROOR Repeat.
EXX Exchange registers, bring back oscillation count.
DJNZ R003 Test count.
EXX Return registers containing frequency count.
LD A,if6 Load A with F.
CALL OUTPUT
LD (8i5),HL Put high bytes to RAM.
LD (8i7),UE Put low bytes to RAM.
LD A, 30 Load A with ASCII code.
LD B,OR Load count.
CAEiii SWOP
DJNZ SWLOP
Call CARR
RET
:£** ************ ***********  
SUBROUTINE PULzE ** U WWUAA .U* *
? ENTRY NOTHING SPECIFIC*
*
*
*
*
»r
PULSE
Subroutine PULSE switches the electromagnet a on for a 
predetermined time and checks lor tne maximum amplitude 
reached during a pulse.
TIMER
GOBACK
EDING
EXIT IF THE MAXIMUM AMPLITUDE IS REACHED THE ZERO FLAG IS SET OTHERWISE NO 
FLAGS ARE RESET ON EXIT
LD HL,(800)
OUT (2),A
LD BC,OOOl
SBC HL,BC
JP Z,EDING
IN A,(1)
BIT 3>A
JR Z, GOBACK
IN A,(1)
BIT 3,A
JP NZ,TIMER
RET
LD D,02
DEC D
RET
Load HL from location 800,magnet pulse control word.
Output magnet control word to switch on magnet.
Load BC with  ^•
Subtract BC from HL to give down counter.
When zero goto end.
Test if maximum amplitude reached.
If maximum amplitude then zero flag set and jump to return. 
Repeat teat for amplitude,this adds time to the loop.
;If not maximum amplitude loop to TIMER to continue countdown, 
; Return.
;Reset the zero flag.
; Ret urn.
PUSH BC
Subroutine OUTPUT-sends a eharacter in A to the terminal 
via the 8251 chip.
jSave BC on stack.
* * * * * * * * * * * * * * * * * * * * * * * * * *
* SUBROUTINE OUTPUT *
J ENTRY REGISTER A CONTAINS OUTPUT CHARACTER
$ EXIT NOTHING SPECIFIC
&
OUTPUT
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LD B,A ;Load B with A to save A.
IN A, (OB) ;Check output teletype port status.
AND 1
JP Z,0U1 ;If true then continue.
LD A,B ;Restore A which is high nibble of character with text nibble
OUT ( 0 A) , A ;Output character to teletype.
POP BC ;Restore BC from stack.
RET :Return.
******************#****#**
* SUBROUTINE TEMPIN *
* **  *  afc *  v  ^  *  *  *  *  *  *  *  *  a? *  *  *  *  *  *  *  *  $  *
| ENTRY NOYHING SPECIFIC#
*
*
*
Subroutine TEMPIN reads the temperature in BCD format 
through port 0 and port 1 . Port 0 is the -jO's and units 
port 1 is the 100's at bits 5*6,7*
TEMPIN
DVAL
DVAL1
EXIT NOTHING SPECIFIC,THE TEMPERATURE IS OUTPUT DIRECTLY TO THE TERMINAL 
;Set memory pointer.LD
DEC
IN
BIT
JP
,IN
CPL
LD
INC
IN
BIT
JP
CPL
AND
LD
LD
CALL
LD
RLD
CALL
DEC
CALL
H L , 8 i 5
HL
A , ( 1 )
7,A
NZ,DVAL1
A,(0)
( H L ) , A
HL
A , ( 1 )
7,A
NZ,DVAL
70
(HL),A 
A 54- 
OUTPUT 
A, 30
OUTPUT.
HL
SWOP
Load A from port 1 •
Test status bit.
If data not valid retest.
Load A from port 0.
Complement A since inputs inverted. 
Put A into memory location HL.
Load A from port 1 •
Test status bit.
If data still valid continue. 
Complement A.
Clear unwanted bits.
Load A into memory location HL.
Load A with T.
;Load with ASCII set.
; Rotate nibbles.
jSet pointer for memory.
Call .CARR 
RET
************************** Subroutine SWOP loads successive nibbles from a location
J SUBROUTINE SWOP * pointed to by HL into the lower nibble of A ready for
****** ******************** OUtpUt.
{ ENTRY LOCATION FOR OUTPUT DATA IN HL AND CHARACTER TYPE IN HIGH NIBBLa OF A
* EXIT HL IS SET TO NEXT BYTE OF DATA
*
SWOP RLD ;Rotate, nibbles of HL to A.
CALL OUTPUT
RLD ;Rotate nibbles of HL to A.
CALL OUTPUT 
DEC HL 
RET
***********>*************** Subroutine CARR performs a line feed and carriage return#
* SUBROUTINE C.ARR |
4c a(c lie * * 4c # * # * * * S * *  * * * # * * sjt * # * *
| ENTRY NOTHING- SPECIFIC
* EXIT NOTHING- SPECIFIC
*
CARR LD A,OA 
CALL OUTPUT 
LD A,OD 
CALL OUTPUT 
RET
I************************* Subroutine HIBYT increments the upper 1 6 bits of the 32 bit
* SUBROUTINE HIBYT * • count and zeros the lower 16 bits.
4: # 4c * * * * * * * * * * # * * * * * # * * * * * *
* ENTRY NOTHING- SPECIFIC
* EXIT DE INCREMENTED BY 1 AND HL ZEROED*
filBYT INC DE ;Increment upper 16 bits.
LD HL,0000 ;Zero lower 16 bits.
RET
For an ion beam incident on a su r f a c e  covered with an 
oxide layer c o l l i s i o n s  are possible between the O x ygen in the 
o x i d e 1 a y e r and the N i t r o g e n ion be a m . W i t hi c o 11 i s i o n s b e t w e e n 
the bound target Oxygen and ion beam of N the Oxygen may 
receive suff i c i e n t  energy to be disc)laced and d r iven into the 
uncler 1 y i ng N i ob i um mat r i x «
The interaction between the target and p r o j e c t i l e  will 
depend on the d i s t a n c e  of closest approach, p, this has been 
g i v e n b y Ih omp son 1969 t a b e a < p <5a f ar the atomic masse s an d 
p ro j ec t i 1 e ener g y  used here where a i s the at omi c rad i us of 
the target atom. For these c o n d itions the mean d i s p l a c e m e n t  
ener g y  E can be c a l c ulated from Thompson 1 9 6 9 5
E = -J A En Ej
eq u a t i o n  IB
where ~ e n ergy of the ion beam
E q = displ a c e m e n t  threshold energy
and
A = 4M,Ma / <M»+M^)2
e q u a t i o n  2 B
where hi, = atomic mass of Oxygen 
hij. ™ atomic mass of Nitrogen
241
1 6 if E u = ISO x 103 eV and E^
Thus. the mean energy from equations IB and 2B with M “
60 eV, is E " 2.1 KeV.
T h e m e a n r e c o i 1 e n e r g y w h i c h t h e 0 x y g e n g a i n s f r □ m t h e
ion beam is sufficient to dr i ve i t in to the host Niob iurn
m a t !•• i to a depth of ~ 3. 0 nm (Lindhard et a 1 i969) „
To ca 1 cu late the numb er af reco i 1 s p roduced the 0 xygen i s 
assumed to be bound as Nb.O, the atomic density of Oxygen in
ZS o.
N b 0 is thus 0. 42 x 10 atoms / nrr . The mean f ree path of thie
ion in NbO is given by e q u a t i o n s  3B, 4B and 5B from Thompson 
1969 r,
rn?
equation 3B
where n “ a t o m i c d e n s i t y
o' = atomic cross section
and
cr ~ ( rU a.1' Ea -I A ) / (4 JEn E
e quation 4B
where
with
where
a ” Bohr radius, 0 . 053 nrn
E^ = -C2Er ( Z , Z a > (M , +11 x ) /' il a e
E r E v d b e r g e n e r g y . 13. 6 e V
Z, = atomic number of the incident ion 
Z jl = atomic number of the target (recoil) ion
e = electron charge, 1.6 x lo (J
equation 5B
S u b s t i t u t i n g  in the values of Z, = 7, Z x ~ B and e ™ 1.6
_ -a ,\
x lo 0 gives «r ~ 6,./ x lu rn- and equation 3B yiel d s  X 
3.7 nm. Thus, for a thickness of 24.0 nm of MbO on the s u rface 
of the Ni obinm wir e  u n d e r Ni t ragen bamb a r d m e n t  there w i 11 fc)e 
an average of one 0 xyqen atom d i s p 1aced per i nc i den t Nit rogen 
ion. This d e m o n s t r a t e s  that sufficient Oxygen can be 
introduced by a b a l l i s t i c  mechanism.
ftooendiK C.
rog ramms fo 
Trappino
Caic:u.ia.te N □ n Steadv State Di f f lision Wi th 
Usino The Finite D i f f erence Techniaue.
Data read from channel 10
V a n  ad less 
atmden ~ 
beam = 
d =
d e 11 a t ~ 
delta.!-; ~ 
deoth = 
do
dose = 
dosert " 
d o seic = 
d s i t y = 
d t s t r m  = 
eb i nd ( i ) 
fwhm = 
i n c < i ) ~ 
molwt = 
no u.ter = 
n s i t e s (i
n p t s “
pk d o s e  =:; 
p I-:.- inc ~ 
a =
radius ( 
temp = 
t i m =:
t rocnc < k
CONSTANTS; 
avogad 
a v o q a d 
b o 11 z 
b o 11 z 
e 1 ec 
elec
(s >
T a r g e t a t o m i c d e n s i t y i n a t o m s / c c 
Ion beam current (A)
d i f f u. s i v .i t y o f d i f f u s i n q s p e c i e s (c m / s )
Time in t e r v a 1 at wh ich d i f f us ion is c a l c ulated 
Interval at which diffusion is c a l c u l a t e d  (cm)
Depth below surface (cm)
D i f f u s i v i t y  constant of d i f f using s p e c i e s  (cm/s)
Ion dose (atoms/cm2)
Ion beam dose rate (atoms/s)
Dose increment (atoms/unit deltat)
Target densi ty in g/cc
ChanneI from whieh input v a r i a b l e s  are recieyed \
= B i n d i n g e n e r g y of d .i f f u s e r to It h t r a p t y p e (e v )
Full width at half man height for Ga.usian p r o f i l e  (cm)
Array of points for incrementing g a u s s i a n  p r o f i l e  
T a r g e t m o 1 e c u 1 a r w t
D i men sion o f ot e r 1 i mi t o f gr i d (c m )
) = N u m b e r o f s i t e s i n t h e 11 h 1r a p 
Di m e n s  ion of inner 1 .imi t of gr i d (c m )
Nu mber of grid points 
P e a k c o n c e n t r a t i o n (a t o m s / c m 3)
I m d 1 anted p ea k g row t h w 1 1h i m o 1an t at ion (a t o m s /un it d e 11 a t ) 
a c t i v a t i o n  energy of d i f f usion FOR dif f u s i n g  s p e c i e s  (j/mol 
i ) ~ ef f ec t i ve T A P  rad i us of i th Ti:<AP TYi::’E 
T e m p e r a t u r e  of the system (K)
Elapsed time in deltat increments (s)
?i) Concentration of the Ith trap at the Kth point
numberA v o □ a a i“ o e
b a 11 z m a n s c o n s t a n t 
8 . 1 64e-~05
c har g e  of the electron 
1.602E — 19
lattice sites per host atom value 3 for BCG s y s t e m
'ARRAY D I M E N S I O N S  
arysi z=200
DIM d e 1 1 a t p (a r r y s i z ) 
DIM i n c (arrvsi z )
DIM a 1 i n (a r rysi z )
DIM a t c o n c t a r r y s l z ) 
DIM an l i n e (10)
DIM nsites(3>
DIM rad i n s (3)
DIM ebind(3)
DIM t rocnc: (arysi z , 3) 
DIM t re m e  (arys-i z , 3) 
DIM trcnc layraiz.S) 
DIM c t ( a r y s i z ,3)
DIM c o n s t t (3)
DIM texo i5)
DIM cf iarysiz+i)
DIM ideal(a rysiz)
zz rs rr: rs rn: zz: rn zr. nr rz: zr: r.:: rn rz: rz nr: ss rn zn: zz: zz: rz rn: sn: rr sr: ^  zz: rz zz: rz zr. zr: rn nz: rr sn: rz rz z= ss: zs: rs sz: sr rr rr rr zz; sz z:z z= zz rr zr rz sr rz: nr: rs rz rn: rz rz rz rn rs
L A B E l_ p !'■ o g s t a. r t 
dtst r m  ~ 10
INPUT "data file name ? " ,f i 1nam$
0 P E N # d t s t r m IN P U I" f i 1 n a m V 
' read densi t y and molecu. I ar we i oh t 
IN F‘ U T # 10 , d s 1 1 y „ m □ 1 w t
P P. IN T 1' r e a d i n q d e n s i t y a n a m a I w t",dsity,mol w t 
ataiden “ iavagad*dsity) /molwt 
' read d i f f u s i v i tv constant, t e m p e r a. tu.re and a c t i v at io n e n e r g y
IN F' U T if-10 , d o q  , t e m p
PRI NT “read ing d o , q ,temp u ,d o , q ,t emp 
d = do*£XP < — ( a / (S . 3 1 4 * t e m o )))
' rea.a svs t & n d i rnensi on s
INPuT # 0 .  nouter. n s t a r t , nots
PR INT “reading system d i m e n s i o n s , n o u t e r „n s t a r t . n p t s “ ,n o u t e r ,n s t a r t , n p t s  
LABEL a. 100
d e 11 a x ~ < n o u t e r -• n s -c a r t ) / n p t s
deltat ~ del tax'-2/ C2*d )
IF deltat < 2 THEN GOTO j800 
PR I NT
P RIN T *1 d e 11 a t = " s d e 11 a t s " d e f a u It being t a. ken " 
del t a t =2 
LA B-EL .1800
PPM NT “del tax ~ " . del tax
PRINT "deltat = " , del tat
PRINT “diffus = ",d
PR I NT
PRINT "deltat value 0 . K ? (v\n)"
INPUT #1 . o p t ion $
IF o p t i cdn = "y “ THEN G0 T0 al 10
P RIN T ‘1N e w v a I u. e s of temp, nouter, nstart, no t s 1
IN F‘ U T # 1, temp, no u t e r , n s t a r t , n p t s 
d = d o E X P  <”• i a / (8. 3 1 4 *temp) ) )
GOTO a 100
LABEL. allO
Set u p  dose and dose rate
rr zr: rr :zz r:~. zz rr zz ss: rz rz nr rn rz ss sr ss: rn: nz: zz  zz  zz zz
read dose and beam current 
1N P U T 410 „ d co s e « b e a m
F'R IIM T' " read i ng dose and beam curren t " , d o s e , beam
dosert"beam/e1ec 
FOR i " 1 TO nets 
a l m u )  ~ 0
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NEXT
" s e t  lid i d e a l  i m p l a n t e d  p r o f i l e
read 1 n mean range of ions ana fu. 11 width at ha 1 f max he i ght
IN F‘ Li T # 1 0 d e p t h . f w h m
F*E 1NT ' read i ng range and f w hrn .dep t h . f w hm “ , dep th . f w hm 
doseic = doser t*-de 1 tat 
pkinc = d o s eic/(2.5*fwhm;
set u.□ par ramer ers to pass to slid rout i n gauss i an 
cm ax: ~ pkinc 
6 0 S U B  gaussian 
s w o d all n a r a v t o w o r k 1 n q a r r a y 
FOR i = 1 TO npts
i n c C i ) ~ a i i n ( i )
NE X1
set up ime- ianted prof ile
p k d o se = d o s e *(1/(2. 5 f wh m )) 
c m a x - p k d o s e  
GOSUB gaussian 
FOE i = 1 TO riots 
a t c o n c d )  = a 1 in < i )
NEXT
set up t rap cond i 1 1 ons
r e a o n u m b e r o f t r a d t y p e s i m a x 3)
INPUT #10 M ntraps
FRINT '1 n u m b e r  of t r a p s „ n t r a p s ■ ■1,ntraps 
IF n t r a p s = 0  THEN GOTO notraps  
FOR: k = 1 TO ntraps 
input numb e r  of sites per trap and trap radius 
INF‘UT #10 , nsi tes K k ) . rad ius < k )
F*R I NT “ nu.mbe r of sites and rad i us for " ; k ; " t h “ , ns i t es ( k ) , i-
" input b i nd i ng ener g y  of d i f f u.ser to Kth trap 
IN F’ U T #10 , e b i n d ( k )
P R INT "binding ener g v  of " ;k ; “ th t r a p ",eb i n d (k )
.input trapconc, depth and fwhm
INPUT #10 , c m a x „d e p t h ,fwhm 
PR I NT 111 rapconc dep th , fwhm u , cmax » dep th , fwhm 
c ma x=cma x / ( 2 . 5 * fwhm)
G 0 SUB gaussian 
swop array to working array
FOR i= 1 TO npts
t r p c  n c ( i , k > ~ a. I i n ( i ) * n  s  1 1 e s ( k )
NEXT
NEXT
P R INT "filename for c o ncentration p r o f i l e  of the ";k;" th 
channel ~ 12 
GOSUB openfl 
F0F:-: k ~ 1 TO ntraps 
FOR; i = J. TO npts
PRINT #12. t r p c n c (i ,k>
NEXT
NEXT
-•ad i us c k
trap "
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L L L) 6  E # 1 .'-1
sum total traps at the Kth point
PRINT "file name for the total trap c o n c e n t r a t i o n  profile" 
channel 12 
G 0 S U B o p e n f 1
FOR i~ i TO npts 
t c: onc=0 
FOP: k = i TO ntraps
t c on c = t r p c n c ( i , k )+1 c on c 
NEXT
P RINT # 1 2 . toon c 
NEXT 
CLOSE #12
set lid c o n d i t i o n s  to increment traps
FOR i = 1 TO npts
FOR: k ~ 1 TO ntraps
t rpinc ( i,k) = ( t r p c n c (i ,k )/ate on c (i ))*inc <i >
NEXT
NEXT 
L.ABEL notrap s
s e 1 e c t d o s e o u t p u t s 
INPUT #10 ndose
PRINT "number of dose o u t p u t s " ,ndose 
number == 1 
REPEAT
INF'UT # 10 dosou t , f whm, □ ep th 
PRINT "reading output dose ";number;" fwhm and d e pth ",d o s o u t ,f w h m , d e p t h  
p k o u t = d o s o u t / (2. 5 * f w in m ) 
t imout (number ;• = (dosout/doseic > -*del tat
P RIN T " 1 1 m e f o r o u t p u t "sdosouts" ~ ‘1, t i m o u. t (n u m ber) 
n u mber = number •+•!
U N TIL n u m b e r > n a o s e
end of set up c onditions  
now start to calculat the d i f fusion 
'f i rst i n 1 1 1 a 1 1 se the vari a b 1es 
d e 11 c r =: 0 
d e 11 c t ™ 0 
d e J. s a ~ ci e 11 a y, • '• 2 
deltac == 0 
ex time = 0 
t i m ™ ci e 11 a t 
count = 1 
peri cd d = 0
FOR i ~ 1 TO npts 
IF n t r a p s  " 0 THEN GOTO jumpl 
FOR k 1 TO ntraps 
c t ( i ,k )~0
t r cnr ( j „ j.; ) s=o
NEXT 
LABEL .j ump 1
c f ( i ) = 0
i ci e a I ( i ; =0 
NE X1”
del td=de .i. t a. t *a 
IF ntraos = 0 THEN GOTO 4304 
FOR k = 1 TO ntraps
c o n s t t <k ) = 4 * 3 . 1 4 2 * d e l t d * r a d i u s (k )*deltax-
t e )•' d {k ) = d e 1 tat * (z / n s 1 1 e s < k ) ) * E X P <-eb 1 n d < k ) / < boltz*temp) )
NEXT
increment co n e f r e e  and trap con c v with del tat during implantation
LABEL .j 301
IF ex time = 1 THEN GOTO ,i303
LABEL ;i304
chec:~0
FOR i .= 1 TO npts 
IF- ntraps = 0 THEN GOTO 4305 
FOR k " 1 TO ntraps
t r c n c t i ,k >= t r c n c (i ,k )+ trp i n c (i .k )
NEXT
L A BEL 4305
c f ii)“ inc(i ) -i-c f ( i )
i d e a 1 ( i )= i d e a i (i )+inc < i )
NEXT
c a l c u l a t e  the trapping
LABEL 4303
IF n t r a p s  = 0 THEN GOTO 4306 
FOR l " 1 TO npts 
d e l tatp < i ) =0
FOR: k = :L TO ntraps 
'calcu1ate the trapping rate
d e 1tct ~ c o n s 1 1 <k )* c f (i )* t r c n c (i ,k ) * ( l - ( c t ( i , k ) /1 r c n c (i ,k ))> 
c t < i * k ’ = c t < i u }:;) -i-de 1 tct
'calc u. I a t e t h e r e 1 e a s e r ate
de 11cr = e t < i , k ) * t e ;•(p (. k )
ct(i,k> = ct < i ,k)-del ter
cf < i > = c f (i )-<d e 11c t - d e 11cr >
deltato(i) = deltatp(i) •+•( d e l t c t - d e l t e r )
N E a I 
NEXT
’ n o w c Si I c u 1 a t e t h e diffusion
LABEL 4306
cf s.npts-i- :t) =cf {npts)
FOR i =2 TO npts
d2ca;;2 = !.cf (1 -+1 ) -i-cf ( i — 1 ) -~2'*cf ( i ) ) /delsq 
d eitac = del td*d2cdK2-~del tatpl i > /del tat 
cf u j  = cf ( i )+deltac 
NE. x i
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t i in “ t x m •+• d e J. t a t 
IF ex time 0 'THEN GOTO j 500
□ e r i o ci = p e r x □ d + d e .1. tat
1F □ eriod < anline icount) THEN G 0 T 0 j520
p RINI '1 0 p e n x n q file to w r 11 e a i f f u. s e orof i 1 e f o r e x t r a “ : periods
channel - 12 
GOSUB openfi
r f t " 0
FOR 1 = 1 TO note 
ctot “ 0
FOR k = 1 TO ntraps 
ctot — c t (i « k ) + ctot 
NEXT 
c t O t “ C f ( i ) "i"C t o t 
P R INT # 1 2 , ideali i >,cf <i >,c t o t . c t ( l , 1),c t (i,2 ) , c t (i ,3) 
PRINT # 1 2 . ctot 
eft = eft +cf(i)
NEXT
PRINT “tot aI f ree conc = ";c f t 
CLOSE #12 
c oun t = count + i 
1 Fr count > ntime THEN G0 'T0 j999
LABEL .j 520
GOTO 4303
LABEL 4000
IF tim < timout 1 count) AND count <= ndose THEN G O T O  4510 
P R 1NT “tim = ".tim
PR IN T “ t i mou t (";c ou.n t s “ i ” " , timout (c ou.n t )
PRINT “file name for diffused and ideal p r o f i l e s 11 
c h a n n e 1=12 
GOSUB openfi 
F!RINT “file name for traped c o n c e n t r a t i o n ” 
channel = 13 
GOSUB openfi 
c f t ~ 0 
FOR* i “ :L TO nots 
to t rp~0 
c t o t — 0
FOR K-- 1 TO ntraps 
c tot = c t ( i , k )+c tot 
totrp “ t r p c n c (i ,k)+totrp 
NEXT
ctot = c f ( i ) -i-c tot 
PRINT # 1 3 , totrp 
PR INT # 1 2 . ideali i ),cf < i ) , c t o t , ct < i , 1) , c t ii ,2),c t (i ,3; 
c ft: c f t “I" c f ( i >
NEXT
PRINT “t o t a 1 f ree conc ~ “ soft 
CLOSE #12 
CLOSE #13 
c o u n t ~ co unt +1
1F c o u n t n d o s e T H E N G 0 S U B e x time
LABEL 4510
GOTO j304
“ s e c o n d s ;l
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; ; : : : s s s s : s : i s s : s s : s : e : : s s s : £ s s : s s s s s s : s s £ i : : ; : s : s s s s r : : : : s s : : £ s
s u b r o u. tine G A U S 8 1A N 
LAB E. L d a. u. s s i a n
FOF< i = l TO npts
v, n o u. t e r - (n s t a. r t •+• ( i 0 « 5) * del t a. x }
y ~ (EXP ( K-dep th ) -'"2/iwhm-'-2> )
alin(i) = cmax*y
NEXT
R ETURN
: ; s : : s : s : ; : s s s s ; : s n s s : s s s s : : s : 'S s s ; : s s s s : s s s : s s s s : s : ; ; : s : ; : s : s s
su.drou tine 0 PENF L 
LABEL ODenfl
PR I NT 1 i n d u. t f i 1 ename t o wri t e t o “ 
i N P U T # 10 , f i i e n a m e ’¥•
OPEN #channei OUTPUT filename!
RETURN
' s s ; : i: ; : ; : ; ; s : s s s : : ; s : : s s : i s s : : : : : s s s ; s s s : ; : s s s : s s s ; s : : : : s : ; s s s s s
s u. D r a u. tine e x t i m e 
LABEL extime
PRINT "Do you. want to diffuse for extra time 1. . yes 2, . n o 1 
IN F* IJ T # 10 , e x t i m e 
IF ex time = 2 THEN GOTO j 999 
PRINT « "Number of extra times"
INPUT #10 ,ntxme 
FOR i “ 1 TO ntime
PR I N T  "Time for " s i ; “th output"
INPUT #10 , an Iinc (i)
NEXT 
count ~ 1
'aneal at s e p e r a t e  temperature 
P R 1NT "new t e m p erature for anealing"
INPUT #10 . temp
' n o w r e c a 1 c u 1 a t e p a r r a m e t e r s 
d= d o * E X P (— q / (8.314 * t e m p )) 
deltat = de I tax- -2/ <2*d )
IF d 6? 11at < 2 THEN G 0 T 0 j810 
PR I NT
P R INT "deltat = " :del t a t ;" default being taken" 
del t a t =2 
LABEL ,1810
PRINT "del tax = % del tax 
F:‘R I NT " de 1 tat ~ "..del tat 
PRINT "d i f f us = % d  
PR I NT
deltd = d e 11 at*a 
FQFt k ~ 1 TO ntraps
cons11 ( k ) “ 4*3* 142*de 1 td*raci ius ( k ) *de 1 tax
texp <k) =deitat* (z/nsites <k> > *EXF‘ (~eb inci ( k ) / (bol tz*temp) ) 
NEXT 
RETURN
:s s: : s : s s : s s n s s s s :: :::; s s s 5 s s ;s ;s s s s s s : : s s s s ; s s ; s 5 s s s s : s
LABEL j999 
END
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